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SYNTHESIS OF FLUORINE CONTAINING ION CONDUCTIVE 
COPOLYMERS  
SUMMARY 
Fluoropolymers represent a rather specialized group of polymeric materials. Poly 
(vinylidene fluoride) (PVDF) and polychlorotrifluoroethylene (PCTFE) have 
commercial importance due to its excellent resistance to chemicals, weathering 
elements and oxidants, as well as for special properties such as resistance. Because of 
their commercial importance, various synthetic approaches for the preparation of 
graft copolymers from PVDF and PVDF-co-PCTFE have been reported. The 
limitations to the most known commercial fuel cell membranes are a susceptibility to 
chemical degradation at elevated temperature, including poor ionic conductivities at 
low humidity or elevated temperatures, finally, membrane expensiveness. Thus 
synthesizing alternative membranes for fuel cells is still a challenging goal.  
In this study, first, PCTFE based graft copolymers have been synthesized with 
different monomers (S, tBA, MMA, SPMAP, HEMA) via ATRP and characterized 
with FT-IR and DSC techniques.. In addition, ionic functionality containing 
polymers PCTFE-g-PSSA and PCTFE-g-PAA were synthesized by sulfonation and 
hydrolysis reaction of PCTFE-g-PS and PCTFE-g-PtBA graft copolymers, 
respectively.  
Second, series of graft copolymers containing acrylic acid and sulfonic acid ion 
conducting pendant groups have been synthesized from PVDF homopolymer via 
ATRP. In this context, PVDF-g-PSPMA and PVDF-g-PAA proton conducting 
anhydrous electrolytes were synthesized and characterized by FT-IR, 1H NMR, TGA 
and DSC methods.  
Proton conducting properties of obtained graft copolymers were investigated via 
Novocontrol dielectric-impedance analyzer. Proton conductivity of triazole doped 
PVDF membrane studies were investigated as a function of temperature and 
increased acid content in copolymer. Maximum proton conductivity of PVDF-g-
PAA graft copolymer with 71 % PAA content was found as 7.4x10-4 S at 140oC that 







FLOR İÇEREN İYON İLETKEN KOPOLİMERİN SENTEZİ 
ÖZET 
Florlu polimerler oldukça önem arzeden polimerik malzemeler grubunda yer 
almaktadır. Poli(viniliden florür) (PVDF) ve poli(klorotrifloroetilen)’in kimyasallara, 
oksidantlara ve aşınmaya karşı yüksek direnç gösteriyor olmaları ticari olarak son 
derece yaygın bir malzeme olarak kullanılmasına neden olmaktadır. Bu polimerlerin  
ticari önemlerinden dolayı PVDF ve PVDF-co-PCTFE kökenli aşı kopolimerleri için 
farklı sentez yöntemleri denenmiştir.En yaygın ticari yakıt pili membranlarının 
yüksek sıcaklıklarda kimyasal bozunmaya eğilimli olmaları, yüksek sıcaklık ve 
düşük nemde düşük proton iletkenliğine sahip olmaları ve pahalı olmaları mevcut 
ticari membranlara alternatif membranların araştırılmasına neden olmaktadır.  
Bu çalışmada öncelikle farklı monomerler (S, tBA, MMA, SPMAP, HEMA) ile 
PCTFE bazlı aşı kopolimerler sentezlenip FT-IR ve DSC ile karakterizasyonları 
yapılmıştır. Bunun yanında  PCTFE-g-PS ve PCTFE-g-PtBA aşı kopolimerleri 
sülfolanarak ve hidroliz edilerek, iyonik fonksiyonel grup taşıyan PCTFE-g-PSSA ve 
PCTFE-g-PAA aşı kopolimerleri elde edilmiştir. 
İkinci olarak PVDF homopolimerinden ATRP ile iyonik iletkenliğe sahip akrilik ve 
sülfonik asit yan grupları içeren aşı kopolimerler sentezlenmiştir. Bu bağlamda kuru 
ortamda proton iletken elektrolit olan PVDF-g-PSPMA ve PVDF-g-PAA 
sentezlenip, FT-IR, 1H NMR, TGA ve DSC ile karakterizasyonları 
gerçekleştirilmiştir. 
Elde edilen aşı kopolimerlerin proton iletkenlik özellikleri Novocontrol dielektrik-
direnç  analiz yöntemi ile belirlenmiştir. Triazol ile dop edilen PVDF membranların 
proton iletkenliklerinin  farklı sıcaklık ve kopolimerdeki artan asit miktarıyla 
değişimleri incelenmiştir. Molce %71 akrilik asit içeren kopolimere ait maksimum 
proton iletkenliği 140oC’de 7.4x10-4 S cm-1 olarak ölçülmüş ve bu değerin 








1.  INTRODUCTION 
Energy consumption plays an important role in our modern civilization and daily life, 
which is heavily dependent on burning fossil fuels. The increasing threat by the fast 
depletion of the resources of petroleum, coal and natural gas, and, in turn, the green 
house effect by burning fossil fuels, forces people to seek regenerative energy 
sources, such as solar, wind, geothermal and hydroelectric energies. Recently the 
greenhouse effect due to the excess emission of carbon dioxide has become a major 
concern, and non-polluting fuels and a clean environment are clear targets. Fossil 
fuel consumption is the major contributor to the increasing concentration of carbon 
dioxide (CO2) in the atmosphere, a key cause of global warming. Global warming 
reduces agricultural production and causes other biological and social problems. For 
example, The United States, with less than 4% of the world population, emits 22% of 
the CO2 from burning fossil fuels, more than any other nation. Reducing fossil fuel 
consumption may slow the rate of global warming. An alternative way to save 
valuable natural resources and solve the environmental problem is to develop cleaner 
and more efficient energy conversion devices [1-2]. 
Renewable energy supplies are of ever increasing environmental and economic 
importance in all countries. A wide range of renewable energy Technologies are 
established commercially and recognised as growth industries by most governments. 
Reliable energy supply is essential in all economies for lighting, heating, 
communications, computers, industrial equipment, transport, etc. World energy use 
increased more than tenfold over the 20th century, predominantly from fossil fuels 
(i.e. coal, oil and gas) and with the addition of electricity from nuclear power. In the 
21st century, further increases in world energy consumption can be expected, much 
for rising industrialisation and demand in previously less developed countries, 
aggravated by gross inefficiencies in all countries. Without new supplies such growth 
cannot be maintained. So an obvious conclusion to overcome such constraints is to 
increase renewable energy supplies. Energy is useful only if available when and 
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where it is wanted. Carrying energy to where it is wanted is called distribution or 
transmission; keeping it available until when it is wanted is called storage [3]. 
Hydrogen is seen as one of the most promising candidates of these alternate energy 
resources for being the lightest, cleanest and most efficient fuel. Hydrogen can be 
made from water by electrolysis, using any source of dc electricity. The gas can be 
stored, distributed and burnt to release heat. The only product of combustion is 
water, so at end-use no pollution results [3]. The most important property of 
hydrogen energy is its direct conversion into electricity in fuel cells with higher 
efficiencies than conversion of fossil fuels in traditional combustion engines or to 
electrical energy in thermal power plants. Fuel cells in which hydrogen and oxygen 
react electrochemically never release hazardous materials and the theoretical 
efficiency of energy conversion is much higher than that of conventional thermal 
engines. Therefore, in recent years, fuel cell research and development have received 
much attention for its higher energy conversion efficiency and lower or non 
greenhouse-gas emissions than thermal engines in the processes of converting fuel 
into usable energies.  
The power and energy efficiency of a fuel cell is highly dependent on the 
thermodynamics, electrode kinetics, reactant mass transfer, as well as materials and 
components for assembling the fuel cell. These factors have been addressed 
throughout the fuel cell history, and are now still the major challenges for fuel cell 
research and development. Two key issues limiting widespread commercialization of 
fuel cell technology are better performance and lower cost [2, 4].  
The major costs of fuel cells are the electrolytes, catalysts, and storage. Phosphoric 
acid fuel cells (PAFCs) and proton exchange membrane fuel cells (PEMs) are the 
most widely used and most efficient. A fuel cell PEM engine costs $500/kW, 
compared to $50/kW for a gasoline engine leading to a total price of approximately 
$100,000 for an automobile running on fuel cells [1].  
There are five families of fuel cells (FC). These are phosphoric acid fuel cells, proton 
exchange membrane (PEM) fuel cells, alkaline fuel cells, molten carbonate fuel cells, 
and solid oxide fuel cells; each have their own advantages and disadvantages. 
Significant progress has been made with hydrogen PEM fuel cells in the last decade. 
This thesis research will focus on polymer electrolyte membrane fuel cells (PEMFC). 
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Proton exchange membrane (PEM) fuel cell technology is a promising alternative for 
a secure and clean energy source in portable, stationary, and automotive applications. 
However, it has to compete in cost, reliability, and energy efficiency with established 
energy sources such as batteries and internal combustion engines. Many of the major 
challenges in PEM fuel cell commercialization are closely related to three critical 
materials considerations: cost, durability, and performance. The challenge is to find a 
combination of materials that will give an acceptable result for the three criteria 
combined [5].  
This class of fuel cells currently operates at moderate temperatures (30 °C to 80 °C). 
Because above this temperature the electrochemical performances of the Nafion® 
(the most important commercial electrolyte membrane) drop down. However, due to 
the poisoning effect of CO on the catalyst (generally platinum), the ideal working 
temperature of the PEMFCs is above 100 °C. One current thrust of fuel cell research 
is to increase the operating temperature of PEM fuel cells to 120ºC or above. The 
operation of the polymer electrolyte membrane fuel cell (PEMFC) at high 
temperatures (>120 oC, preferably > 150 oC) is desirable because of the enhanced 
catalyst activity, reduced poisoning effect of fuel impurities, simplification of the 
system, and easy thermal compatibility [6]. To be used commercially, fuel cells must 
meet criteria including fast startup, high power density, high fuel efficiency, easy and 
safe handling, long life-span and low cost. None of the cell types yet satisfy all these 
requirements.  
Currently, Nafion® is the most widely proton exchange membrane used for both 
PEMFC and DMFC systems. Nafion® is based on sulfonated fluorocarbon polymer 
and shows good thermal stability and high proton conductivity as advantages, while 
high methanol permeability (methanol crossover), high cost (about 900-1000 US 
$/m2) and proton conductivity loss above 100 °C represent the disadvantages. 
Therefore, several studies have been carried out to identify different types of non-
fluorinated polymers as alternative to the Nafion® and and in some case, comparable 
performances to the Nafion® in terms of proton conductivity and thermo-chemical 
properties, as well as lower crossover and costs [2].  
Fluorinated polymers have always attracted significant attention due to high thermal 
stability, good chemical resistance, excellent mechanical properties at extreme 
temperatures, superior weatherability, oil and water repellence and low flammability 
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in addition to low refractive index [7]. The development of fluoropolymers began 
with the invention of polytetrafluoroethylene (PTFE) in 1938 by Dr. Roy Plunkett of 
DuPont Company, continuing in 1992 when a soluble perfluoropolymer (Teflon AF) 
was invented. Besides these commercially important examples many other routes  
toward fluorinated materials have been researched intensively by both academic and 
industrial teams. These efforts have led to the emergence of various functional 
materials with notable properties: biomaterials, surfactants, lubricants, insulators, ion 
conducting materials (e.g. for Li-ion batteries) and proton conducting materials (e.g. 
for membranes for fuel cells). A number of materials such as paints and coatings as 
well as materials for the optic and electronic industries have additionally been 
developed. The most investigated proton exchange membranes (PEM) are based on 
fluorinated polymers and, in particular, the DuPont Nafion®117. 
PVDF and PCTFE has a commercial importance due to its excellent resistance to 
chemicals, weathering elements and oxidants. Because of their commercial 
importance, various synthetic approaches for the preparation of graft copolymers 
from partially fluorinated poly (vinylidene fluoride) (PVDF) have been reported [8]. 
Methods for preparing PVDF based graft copolymers are generally classified: (1) the 
grafting through; (2) the grafting from; (3) the grafting onto methods. The most used 
method is “grafting from” method. Grafting from method has main techniques: (i) by 
the irradiation ii) by transfer to the polymer; (iii) by ozonization of PVDF (iv) by the 
direct terpolymerization of two fluoroalkenes [9]. To avoid the drawbacks of the 
grafting from method techniques, the controlled radical polymerization methods was 
used and has become one of the most useful techniques for the synthesis of graft 
polymers [10]. Atom transfer radical polymerization (ATRP) is one of the controlled 
free radical polymerization techniques. ATRP is one of the most versatile methods 
for synthesizing homopolymers and copolymers with predetermined molecular 
weights and narrow molecular weight distributions. It is based on the combination of 
an organic halide initiator (RX) with a metal/ligand catalytic system, which is able to 
promote fast initiation compared to propagation and then reversibly activate 
halogenated chain, ends (PnX) during polymerization.  
In this study PVDF and PCTFE based graft copolymers were synthesized by using 
ATRP, also acidic group containing ionic monomers was synthesized by hydrolysis 
and sulfonation reactions. In order to understand to triazole doped PVDF membranes 
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having both high conductivity and high thermal stability different monomers have 
been investigated. 
First, the graft copolymers of PVDF backbone with poly(sulfopropyl methacrylate) 
(PVDF-g-PSPMA) and poly(acrylic acid) (PVDF-g-PAA) were synthesized using 
PVDF as a macroinitiator for atom transfer radical polymerization (ATRP). The 
choice of  PVDF instead of PTFE backbones is mainly due to cost, hydrofibility and 
processability considerations. Proton conductivity of triazole doped graft copolymers 
based on PVDF studies are reported as a function of temperature and acid content in 
copolymer. 
The proton conductivity, thermal stability and acid content in copolymer  have been 
investigated for PVDF based membranes.  
Second, we have also studied for the first time, the use of ATRP for the grafting of 
some monomers from PCTFE. To the best of our knowledge, no reports have been 
published on application of ATRP in graft copolymerization of PCTFE so far. There 
appear to be only one report dealing with graft copolymerization of PCTFE, Mingfu 
Zhang and Thomas P. Russell synthesized PCTFE-g-PS graft copolymer via ATRP 
[11]. However, they used oligomer PCTFE  which is  liquid form, not powder. Here, 
in the graft copolymerization t-butyl acrylate (tBA), 3-sulfo propyl methacrylate, 
potassium salt (SPMAP), 2-hydroxy ethyl methacrylate (HEMA), methyl 











2.  THEORETICAL PART  
2.1 Fuel Cells 
Fuel Cells are electrochemical devices that directly convert the chemical energy of a 
fuel into electricity.  
 
Figure 2.1 : Schematic of PEM fuel cell 
A fuel cell is an electrochemical energy conversion device. Current methods for the 
conversion of chemical energy to electrical energy are rather cumbersome and 
wasteful. Typically, coal is burned in a boiler to generate steam, the steam goes 
through a turbine, the turbine drives a generator, and the generator produces 
electricity. This whole process wastes about 60% of the energy originally in the coal. 
More energy is wasted in transmitting electricity through power lines to users. It is 
easy to see the desirability of converting chemical energy directly to electricity. This 
can be done in fuel cells [12]. It produces electricity from external supplies of fuel 
(on the anode side) and oxidant (on the cathode side). These react in the presence of 
an electrolyte. Generally, the reactants flow in and reaction products flow out while 
the electrolyte remains in the cell. Fuel cells can operate virtually continuously as 
long as the necessary flows are maintained as seen in Figure 2.1.  
Fuel cells are very useful as power sources in remote locations, such as spacecraft, 
remote weather stations, large parks, rural locations, and in certain military 
applications. A fuel cell system running on hydrogen can be compact, lightweight 
and has no major moving parts [2].  
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2.1.1 Introduction and historical development 
The concept of a fuel cell was proposed about 170 years ago when William Robert 
Grove conceived the first fuel cell in 1839, which produced water and electricity by 
supplying hydrogen and oxygen into a sulfuric acid bath in the presence of porous 
platinum electrodes. Unfortunately, there were no practical fuel cells developed for 
the following 120 years until Dr. Francis Bacon demonstrated a 5kW fuel cell for 
powering a welding machine in 1959, where an inexpensive nickel electrode and less 
corrosive alkaline electrolyte were used. One of the most important milestones in 
fuel cell history is an invention of polymer electrolyte membrane (PEM) in 1955 
when Willard Thomas Grubb in General Electric (GE) modified the original fuel cell 
design with a sulfonated polystyrene ion-exchange membrane as the electrolyte. 
Better polymer electrolyte material, sulfonated tetrafluorethylene copolymer 
(Nafion®), was discovered in late 1960s by Walther Grot at DuPont. With its 
excellent thermal and mechanic stability, Nafion® became the most widely used 
electrolyte material for PEM fuel cells. The use of solid polymer electrolyte 
membrane has established the base for the modern fuel cell technology because the 
fuel cell with polymer electrolyte membrane is much simpler and more reliable than 
that of using liquid electrolyte. The second important factor in fuel cell history is the 
development of electrode catalysts for oxygen reduction and fuel oxidation. Much 
effort has been made to seek non-platinum catalysts, such as metalloporphyrins and 
metallo-phthalocyanines for catalytic oxygen reduction. Up tothe present, electrode 
catalysts and electrolyte membranes are still the major challenges in fuel cell 
research and development.  
The electrolysis of water was tried at around the same time and the reverse reaction 
must have been tried. Sir W. Grove produced the first fuel cell experiment in 1839 as 
shown in Figure 2.2. He firstly electrolysed water to evolve hydrogen and oxygen in 
several electrolysers and then the power source was removed from the electrolysers. 
He showed that the electrolysers reversely generate electricity on the electrodes of 
each electrolyser. Then all the electrolysers were connected directly and the output 
power from the electrolysers was given to electrolyse water in another electrolyser. 
He showed that the electrolysis and generation of electricity takes place reversibly. 
About 130 years after Sir W. Grove’s experiments, much attention was paid to the 
development of fuel cells, mostly for limited purposes, i.e., space shuttles or 
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submarines. Nowadays fuel cells are a necessary power source for the space shuttles 
[4]. 
 
Figure 2.2 : Grove’s fuel cell experiment [4] 
2.1.2 Fuel cell systems 
For practical application, a number of single fuel cells connected in series form a fuel 
cell stack to gain higher voltage and power including fuel cell stacks, pumps, 
batteries, sensors, fuel cartridge and electronic controller.  
In the following pages, a brief overview of the basic electrochemical processes in a 
H2/O2 PEM fuel cell is given, followed by information on individual fuel cell 
components: anode, cathode, catalyst support, membrane, GDLs, and bipolar plates 
[5]. It has been seen that many chemical reactions can be regarded as the transfer of 
electrically charged electrons from one atom to another. Such a transfer can be 
arranged to occur through a wire connected to an electrode in contact with atoms that 
either gain or lose electrons. In that way, electricity can be used to bring about 
chemical reactions, or chemical reactions can be used to generate electricity [12].  
For economic reasons, air is usually used as the cathode feed rather than pure O2. 
Electrons are carried from the anode to the cathode through the external electric 
circuit. The anode and cathode electrode layers are typically made of Pt or Pt alloys 
dispersed on a carbon support for maximum catalyst utilization. Ionomers and 
polytetrafluoroethylene (PTFE) resins can be added to the electrode layers.  
GDLs are made of porous media such as carbon paper or carbon cloth to facilitate the 
transport of gaseous reactants to the electrode layers, as well as the transport of 
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electrons and water away from the electrode layers. An MEA is sandwiched between 
two bipolar plates to form a single fuel cell. The word bipolar refers to a plate’s 
bipolar nature in a series of single cells (known as a stack) in which a plate (or a set 
of half plates) is anodic on one side and cathodic on the other side.  
 
Figure 2.3 : Schematic views of a PEM fuel cell and a seven-layered MEA [5]. 
Figure 2.3 is a schematic view of a typical PEM fuel cell components. A membrane 
electrode assembly (MEA) usually refers to a five-layer structure that includes an 
anode gas diffusion layer (GDL), an anode electrode layer, a membrane electrolyte, a 
cathode electrode layer, and a cathode GDL. Most recently, several MEA 
manufacturers started to include a set of membrane sub gaskets as a part of their 
MEA packages. This is often referred to as a seven-layer MEA. In addition to acting 
as a gas and electron barrier, a membrane electrolyte transports protons (H+) from the 
anode, where H2 is oxidized to produce H+ ions and electrons, to the cathode, where 
H+ ions and electrons recombine with O2 to produce H2O [5].  
2.1.3 Types of fuel cells 
Many types of fuel cell have been investigated. According to the characteristics of 
the electrolytes, they are divided into roughly five types: alkaline (AFC), phosphoric 
(PAFC), molten carbonate (MCFC), solid oxide (SOFC), and polymer electrolyte 
(PEFC). Much attention has been devoted to PEFC including direct methanol fuel 
cell (DMFC) recently. The features of such fuel cells are listed in Table 2.1.  
 Among all kinds of fuel cells, proton exchange membrane (PEM) fuel cells are 
compact and lightweight, work at low temperatures with a high output power density 
and low environmental impact, and offer superior system startup and shutdown 
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performance. These advantages have sparked development efforts in various quarters 
of industry to open up new field of applications for PEM fuel cells, including 
transportation power supplies, compact cogeneration stationary power supplies, 
portable power supplies, and emergency and disaster backup power supplies.  
Table 2.1 summarizes some technical characteristics of the main types of FCs [2], 
classified according to the electrolyte used and the operation temperature, which, are: 
Table 2.1 : Summary of some features of the main fuel cell types 
 
Polymer electrolytre fuel cells (PEFCs) 
The electrolyte is usually an ion exchange membrane, which has to be hydrated for a 
proper operation. The working temperature is between 60-120 °C, limited by the 
polymer membrane. 
Alkaline Fuel Cells (AFCs) 
The electrolyte is 35-50 or 85 wt. % KOH in aqueous solution, depending on the 
operating temperature, smaller than 120 or about 240 °C, respectively. The 
electrolyte is circulated or retained in a matrix (usually of asbestos).  
Phosphoric Acid Fuel Cells (PAFCs).  
The electrolyte used is a 85-95 vol. % H3PO4 solution retained in a matrix of silicon 
carbide. The working temperature is normally in the range 150-220 °C, but it can be 
increased to about 300 °C, because of the stability of the concentrated acid solution.  
Molten Carbonate Fuel Cell (MCFCs) 
The electrolyte is a mixture of sodium, potassium and lithium carbonates, retained in 
a ceramic matrix of LiAlO2. The working temperature is around 600-700 °C.  
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Solid Oxide Fuel Cells (SOFCs) 
Usually, Y2O3-stabilized ZrO2 (yttria-stabilized zirconia YSZ) is used as electrolyte. 
The cell operates at 600-1000 °C.  
2.1.4 Applications of fuel cells 
Nowadays, such FCs are in different stages of development and have different 
applications. The only practical application of low temperature fuel cells considered 
in this chapter are AFCs in the American space shuttles. On the other hand, PAFCs 
have been used in stationary power generation plants since the 70s. Finally, PEFCs 
have experimented a resurgence in the 90s due to their performance improvement, as 
a consequence of the use of a new proton exchange membrane (Nafion®) and new 
techniques that enhanced the efficiency of platinum catalyst in the electrodes. This 
resurgence has been mainly directed towards portable and transport applications 
rather than stationary applications. 
Industrial vehicles powered by 10 kW to 50 kW PEM fuel cells. These vehicles 
include forklifts and people movers. Hydrogen is the fuel of choice for these 
applications. Automotive PEM fuel cells with PEM systems power ratings from 50 
kW to 100 kW. PEM systems with power ratings from 100 kW to 300 kW for  
heavy-duty vehicles such as buses. Hydrogen is the fuel of choice for these 
applications [13].  
Recently a number of venture corporations put small fuel cells for stationary use out 
to the public. At home, we require electricity and heat. Typical Japanese housing 
consumes 4-5 kW of electricity in the daytime and around 1 kW at night. The PEFCs 
generate electricity and heat at the same time. Therefore, if 1 kW PEFC is installed in 
each home, it gets enough warm water all day round.  
The major target of the PEFC is electric vehicles. If a large amount of the vehicles in 
the city area are replaced by fuel cell cars, clean atmospheric conditions would no 
doubt result. Fuel cells of 70–90 kW will be installed for standard type cars and 
about 200 kW is required for buses.  
Most big motor companies such as Toyota, Honda, Nissan, GM, Ford, Daimler 
Chrysler, Hyundai and Volkswagen joined the California Fuel Cell Partnership car 
rally that started in 1999 and ended its phase I in 2003. Phase II started in 2004 and 
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will last until 2007. They have tested the fuel cell operation on board and the 
hydrogen stand and other subsidiary appliances.  
The Japanese government bought several fuel cell cars in 2002 and is now using 
them for commuting purposes in the inner-city area. These are the first 
commercialized cars of this sort in the world [4].  
2.2 Polymer Electrolyte Membrane Fuel Cell (PEMFC) 
2.2.1 Introduction of PEMFC  
This type of fuel cell consists of a gas diffusion layer and an electrode on each side 
and a polymer electrolyte membrane in between the electrodes. The electrode-
membrane assembly is usually constructed in between the pressurized hot plates. [4]. 
Reactants enter the cell through gas channels, which are embedded in the current 
collectors (bipolar plate). The gas diffusion layers (GDL) are used to uniformly 
distribute the reactants across the surface of the catalyst layers (CL), as well as to 
provide an electrical connection between the catalyst layers and the current 
collectors.  
The electrochemical reactions that drive a fuel cell occur in the catalyst layers which 
are attached to both sides of the membrane. The catalyst layers must be designed in 
such a manner as to facilitate the transport of protons, electrons, and gaseous 
reactants. Protons, produced by the oxidation of hydrogen on the anode, are 
transported through ion conducting polymer within the catalyst layers and the 
membrane. Electrons produced at the anode are transported through the electrically 
conductive portion of the catalyst layers to the gas diffusion layers, then to the 
collector plates and through the load, and finally to the cathode.  
On the anode surface, hydrogen is oxidized to proton and the proton migrates to the 
cathode surface through the electrolyte membrane. On the cathode, oxygen is 
reduced in the presence of proton to water.  
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2.2.2 Components for PEMFC 
The PEM fuel cell consists of a current collector (including gas channels), gas 
diffusion layer, and catalyst layer on the anode and cathode sides as well as an ion 
conducting polymer membrane. As shown in Figure 2.4, a single fuel cell is 
constructed of a separator, a gas diffusion layer, an electrode on each side and the 
polymer electrolyte membrane in between the two electrodes [4].  
 
Figure 2.4 : Cobstruction of a PEFC  
2.2.2.1 Separator 
The fuel cell system is usually stacked one by one with several single cells, 
sometimes an order of hundred and the construction is a so-called cell stack. In this 
case the separators separate each cell but are connected electrically. The separator 
connects each cell directly, so the electric conductance should be large enough and 
durable under both oxidized and reduced conditions. It should also be light, 
mechanically strong and cheap. Graphite carbon is widely used, but it is fragile under 
strong mechanical tension.  
2.2.2.2 Gas diffusion layer (GDL) 
A GDL is constructed from carbon cloth, carbon paper, or carbon felts. Carbon 
cloths are typically prepared by weaving carbon or graphite fibers. Carbon papers are 
prepared from a slurry of carbon particles and fibers that form a pulp that is cast and 
dried. The thickness, porosity, air permeability, and electrical resistance are 
important properties that can be modified to provide the specific property 
requirements [13].  
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The separator manifolds distribute reactant gas to the electrode surface uniformly. 
However the gas diffusion is only controlled by the separator and generally a gas 
diffusion layer is placed between the separator and the electrode. Electrode 
Preparation of reliable electrodes is most important and difficult. The reaction takes 
place on a special part of the electrode, the so-called three phase zone that provides 
the meeting place of reactant, electrolyte and electrode. 
2.2.2.3 Membrane electrode assemblies (MEA) 
The membrane electrode assembly (MEA) is a basic building block of fuel cells. The 
MEA has five basic components: Membrane, Anode catalyst layer,  Cathode catalyst 
layer, Anode gas diffusion layer (GDL) and Cathode GDL. Table 2.2 is a schematic 
of a typical MEA [13].  
Table 2.2 : MEA nomenclature  
  
 
Figure 2.5 : Schematic of typical MEA 
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2.2.2.4 Membrane layer  
An important part of the fuel cell is the electrolyte, which gives every fuel cell its 
name. At the core of a PEMFC is the polymer electrolyte membrane that separates 
the anode from the cathode. The desired characteristics of PEMs are high proton 
conductivity, good electronic insulation, good separation of fuel in the anode side 
from oxygen in the cathode side, high chemical and thermal stability, and low 
production cost.  
2.2.2.5 Catalyst layers  
The catalyst layers are created by depositing precious metals on a carbon-particle 
support. For the anode, the precious metal can be either platinum or platinum 
ruthenium alloy. For the cathode, the precious metal can be platinum or platinum-
cobalt alloy.  
The former is to put catalyst paste on to the carbon sheet that works as a gas 
diffusion layer and these two catalyst attached sheets sandwich an electrolyte 
membrane. The catalyst paste is prepared by mixing catalyst/ carbon particles and 
electrolyte solution in a mill [4]. The kind and the amount of catalyst depends of 
course, on the electrodes, e.g., 
2.2.3 Membrane electrolyte materials or polymer electrolyte membrane 
Membranes are a critical and challenging component in PEM fuel cell applications. 
In order to meet the cost and durability target for residential and automotive 
applications, a membrane electrolyte must meet several functional requirements [5]:  
• high proton conductivity over a wide RH range  
• low electrical conductivity  
• low gas permeability, particularly for H2 and O2 (to minimize H2/O2 
crossover)  
• good mechanical properties under cycles of humidity and temperature  
• stable chemical properties  
• quick start-up capability even at subzero temperatures 
• low cost 
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The lifetime of a membrane is related to its original thickness, its mechanical 
integrity, and the chemical stability of the constituent ionomers. There are many 
factors that can affect the membrane lifetime. These include not only the membrane 
properties (such as its chemical structure, composition, morphology, configuration, 
and fabrication process), but also several external factors (such as contamination of 
the membrane, materials compatibility, and the operating conditions of the fuel cell).   
For automotive applications, a membrane is required to have good proton 
conductivity at an relative humudity (RH) as low as 25%. The same membrane 
should also be fully functional even at external temperatures as low as -40°C. The 
operating temperature is preferred to be above 120°C for high system efficiency and 
effective thermal management.  
 
Figure 2.6 : Chemical structure of poly(benzyimidazole). 
PBI (seen in Figure 2.6) is a hydrocarbon membrane that has been commercially 
available for decades. Free PBI has a very low proton conductivity (~10–7 S/cm) and 
is not suitable for PEM fuel cell applications. However, the proton conductivity can 
be greatly improved by doping PBI with acids such as phosphoric, sulfuric, nitric, 
hydrochloric, and perchloric acids. The proton conductivity of PBI can be increased 
significantly by grafting PBI with sulfonated groups. 
In addition to PBI, there are many other hydrocarbon membranes that can also serve 
as proton-conducting membranes. Most of them have been developed for automotive 
and DMFC applications. The driving forces for hydrocarbon membranes are the need 
for a low-cost membrane electrolyte with a wide operating temperature range (a 
critical requirement for automotive applications) and, for DMFC applications, low 
methanol crossover. Other advantages of hydrocarbon membranes over PFSA 
include easy control of sulfonated group density and distribution for improved proton 
conductivity, less membrane swelling, lower gas permeability, and absence of HF in 
the condensed water, which is considered beneficial to the fuel cell hardware and the 
environment. The disadvantages of hydrocarbon membranes include low chemical 
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stability and peroxide tolerance (and, as a result, the leaching out of membrane main 
chains and sulfonated groups over time) and embrittlement (with the corresponding 
loss of mechanical strength, especially under cycling conditions).  
Styrenic polymers, which are easy to synthesize and modify, were studied 
extensively in the early literature. One example is BAM® made by Ballard Advanced 
Materials (see Figure 2.7) [14].  
 
Figure 2.7 : Chemical structure of BAM 
Polyarylenes, in particular different types of poly(arylene ether ketone)s, have been 
the focus of much hydrocarbon membrane research in recent years. With good 
chemical and mechanical stability under PEM fuel cell operating conditions, the 
wholly aromatic polymers are considered to be the most promising candidates for 
high-performance PEM fuel cell applications. Many different types of these 
polymers are readily available and with good process capability. Some of these 
membranes are commercially available, such as poly(arylene sulfone)s and 
poly(arylene ether sulfone)s under the trade name Udel® by Solvay Advanced 
Polymers and various types of poly(arylene ether and ether ketone)s under the trade 
name PEEK™ by Victrex®. BAMG2® Membrane Made by Ballard Advanced 
Materials, this membrane contains an aromatic ether (biphenol) segment that is 
common to poly(ether ketone). This aromatic backbone confers structural flexibility. 
The sulfone group is stable with respect to oxidation and reduction.  
 
Figure 2.8 : Chemical struture of poly(arylene ether sulfone) 
Another type of membrane polymers are polyimides. This class of polymers has 
great thermal stability and promising short-term performance. An example of six-
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membered ring polyimides is the block sulfonated copolyimides shown in Figure 2.9 
.  
 
Figure 2.9 : Chemical structure block sulfonated copolyimides  
This block copolymer has been shown to be a promising candidate for PEM fuel cell 
applications, but poor solubility limited the ability to use a casting process [5].  
2.2.4 Commercial proton exchange membranes for fuel cell 
2.2.4.1 General 
Perfluorinated membranes are still regarded as the best in the class for PEM fuel cell 
applications. These materials are commercially available in various forms from 
companies such as DuPont, Asahi Glass, Asahi Chemical, 3M, Gore, and Solvay. 
Perfluorosulfonic acid (PFSA) polymers all consist of a perfluorocarbon backbone 
that has side chains terminated with sulfonated groups.  
Today, the most widely used membrane electrolyte is DuPont’s Nafion®. Due to its 
good chemical and mechanical stability in the challenging PEM fuel cell 
environment. A perfluorinated polymer with pendant sulfonated side chains, Nafion® 
was initially developed in 1968 by Walther G. Grot of DuPont for the chlor-alkali 
cell project of the National Aeronautics and Space Administration (NASA) space 
program.  
The rate of PFSA degradation depends strongly on fuel cell operating conditions 
such as RH, temperature, H2/O2 crossover rate, CO concentration, air bleed level, and 
electrode potential.  
Peroxide radicals from decomposition of H2O2 are believed to be responsible for 
membrane chemical degradation. The generally accepted end-group degradation 
mechanism, the so-called unzipping mechanism, starts from the end groups of a 




One type of PEMs that meets most of these requirements is Nafion®. This is why 
Nafion® is the most commonly used and investigated PEM in fuel cells. The 
electrolyte consists of an acidic polymeric membrane that conducts protons but 
repels electrons, which have to travel through the outer circuit providing the electric 
work. A common electrolyte material is Nafion® from DuPont™, which consists of a 
fluoro-carbon backbone, similar to Teflon, with attached sulfonic acid SO3 groups 
(see Figure 2.10). The membrane is characterized by the fixed-charge concentration 
(the acidic groups): the higher the concentration of fixed-charges, the higher is the 
protonic conductivity of the membrane. Alternatively, the term “equivalent weight” 
is used to express the mass of electrolyte per unit charge.  
 
Figure 2.10 : Chemical Structure of Nafion® (DuPont) 
A perfluorosulfonic polymer such as Nafion® naturally combines, in one 
macromolecule, the extremely high hydrophobicity of the perfluorinated backbone 
with the extremely high hydrophilicity of the sulfonic acid functional groups. 
Especially in the presence of water, this gives rise to a hydrophobic/hydrophilic 
regions’ separation. The sulfonic acid functional groups aggregate to form a well 
connected hydrophilic domain, which is responsible for the protons and water 
transport. Vice versa, the hydrophobic domain provides the polymer with the 
morphological stability and prevents the polymer dissolving in water.  
2.2.5 Mechanisms of proton conductivity in PEM   
A proton conductor is an electrolyte, typically a solid electrolyte, in which movable 
hydrogen ions (protons) are the primary charge carriers. Proton conductors are 
usually composed of polymer or ceramic because the pore size is small enough that 
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interpretation of the conductivity of fast proton conductors such as zeolites, Nafion® 
etc. According to this model the proton does not migrate as H+ but as H3O+, NH4+, 
etc., bonded to a “ vehicle” such as H2O, NH3, etc.The “unloaded” vehicles move in 
the opposite direction. (see Figure 2.12). Hydrogen bond is not necessary for proton 





Figure 2.12 : Schematic representation of proton conduction mechanisms [16]. 
2.3 Fluoropolymers 
Fluoropolymers represent a rather specialized group of polymeric materials. Their 
chemistry is derived from the compounds used in the refrigeration industry, which 
has been in existence for more than 60 years. In the 1930s, efforts were made to 
develop nontoxic, inert, low boiling liquid refrigerants mainly for reasons of safety. 
The developed refrigerants based on compounds of carbon, fluorine, and chlorine, 
commonly known as Freon, quickly became a commercial success. They are widely 
used in chemical, automotive, electrical, and electronic industries; in aircraft and 
aerospace; and in communications, construction, medical devices, special packaging, 
protective garments, and a variety of other industrial and consumer products.  
The worldwide annual production capacity for fluoropolymers is estimated to be 
203,300 metric tons, with the market demand being about 180,000 metric tons in 
2006. Because of their special properties and relatively low production volumes 
when compared with typical engineering resins, their prices are relatively high, 
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ranging typically from $7 to $25 per pound ($15 to $55 per kg) for the more common 
types and may be $50 or more per pound ($110 per kg) for the specialty products [7].  
Chlorotrifluoroethylene (CTFE) was the first fluoroolefin of industrial importance. 
The commercial process for the synthesis of CTFE has two steps. The first step is 
hydrofluorination of perchloroethane:   
 CCl3–CCl3 + HF           CCl2F–CClF2 
The product 1,1,2-trichloro-1,2,2-trifluoroethane (CFC113) is then, in the second 
step, dechlorinated by zinc to give CTFE. 
 
 
CCl2F–CCl F2 + Zn              CF2=CFClF + ZnCl2 
Commercial process for the production of PCTFE is essentially polymerization 
initiated by free radicals at moderate temperatures and pressures in an aqueous 
system at low temperatures and moderate pressures. It is reported that it is possible to 
polymerize CTFE in bulk, solution, suspension, and emulsion. According to some 
reports the emulsion system produces the most stable polymer.  
Polychlorotrifluoroethylene (PCTFE) has better mechanical properties than PTFE 
because the presence of the chlorine atom in the molecule promotes the attractive 
forces between molecular chains. It also exhibits greater hardness and tensile 
strength, and considerably higher resistance to cold flow than PTFE.  
Another an important commercial  fluoropolymer is polyvinylidenefluoride (PVDF). 
There are two process to produce its monomer , vinylidene fluoride. One process to 
produce VDF starts with acetylene, which reacts with 2 mol of hydrogen fluoride 
using a Lewis acid (BF3) as catalyst giving 1,1-difluoroethane (CFC152) 
 
CH ≡ CH + 2HF                  BF3               CH3CHF2
 
CFC152 is then chlorinated to 1-chloro-1,1-difluoroethane (CFC142): 
 CH3CHF2 + Cl2        CH3CClF2 + HCl
 
Subsequently, CFC142 is dehydrochlorinated, yielding vinylidene fluoride: 
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CH3CClF2            CH2=CF2 + HCl
 
Another, somewhat different process, starts from 1,1,1-trichloroethane, which after 
dehydrochlorination gives CFC142. The second step, dehydrochlorination of 
CFC142, is the same. 
Vinylidene fluoride is a colorless gas at ambient temperature and pressure. It is 
flammable and can form explosive mixtures with air. VDF is used either for the 
production of homopolymer or as a comonomer for a number of fluorinated 
monomers (HFP, TFE, CTFE) for the production of fluoroplastics and 
fluoroelastomers. The most common methods of producing homopolymers and 
copolymers of vinylidene fluoride are emulsion and suspension polymerizations, 
although other methods are also used. Emulsion polymerization requires the use of 
free radical initiators, fluorinated surfactants, and often chain transfer agents. 
Aqueous suspension polymerization requires the usual additives, such as free radical 
initiators, colloidal dispersants (not always), and chain transfer agents to control 
molecular weight. Commercial products based on PVDF contain various amounts of 
comonomers such as HFP, CTFE, and TFE that are added at the start of the 
polymerization to obtain products with different degrees of crystallinity. Products 
based on such copolymers exhibit higher flexibility, chemical resistance, elongation, 
solubility, impact resistance, optical clarity, and thermal stability during processing.  
2.3.1 Different synthesis methods for PVDF based graft copolymers 
Graft copolymers have received much attention as “novel polymeric materials” with 
multi-components, since they are made of different polymeric sequences linked 
together. It is well known that heterogeneous graft copolymers tend to show the 
properties of both (or more) polymeric backbone and the oligomeric or polymeric 
grafts rather than averaging the properties of both homopolymers.  
Basically, three different methods enable one to synthesize fluorinated graft 
copolymers, recently summarized: (1) the grafting through; (2) the grafting from; (3) 
the grafting onto routes. There are different ways to obtain graft copolymers by 
grafting from” method: (i) by the irradiation (plasma, swift heavy ions, X-rays, or 
electron beam, mainly under γ rays or 60Co source) of fluoropolymers followed by a 
grafting (that strategy was extensively used by Holmberg et al. who synthesized 
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PVDF-g-poly(styrene sulphonic acid) graft copolymers for fuel cell membranes); (ii) 
by transfer to the polymer; (iii) by ozonization of PVDF [9]. However, not all these 
above methods allow assessing the molecular weights of the graft segments. To 
avoid this drawback, the controlled radical polymerization was used and has become 
one of the most useful strategies for the synthesis of graft polymers while this 
technique was also successful in achieving fluorinated block copolymers from 
initiators containing C-I, C-Br, and C-Cl bonds. It was reported the synthesis of graft 
copolymer by reversible addition-fragmentation chain transfer polymerization 
(RAFT) to obtain original PVDF-g-PMMA and PVDF-g-poly (acrylic acid) (PVDF- 
g-PAA) graft copolymers. It was prepared PVDF-g-PAA and PVDF-g-PAA-b-
PNIPAAM copolymers by RAFT polymerization of AA with an ozone-pretreated 
PVDF [10].  
Indeed, ATRP is regarded as one of the most efficient controlled polymerization 
methods to prepare polymers and copolymers endowed with different architectures 
and low polydispersities.  
2.4 Controlled / Living Radical Polymerizations 
There are lots of publications about conventional radical polymerization and it is still 
one of the most common used method to synthesize polymers. The conventional 
radical polymerization can be applied to the polymerization of large numbers of 
monomers under mild conditions. Second advantage is facile copolymerization 
between various monomers. In addition, free radical polymerization requires only 
absence of oxygen and polymerization can be done in the presence of large amounts 
of water and at temperatures ranging from 0 oC to 100 oC. However, as mentioned 
before, there are some limitations in the conventional free radical polymerization 
such as poor control over molecular weight, high polydispersity, dead-end 
functionality, chain architecture and composition [17]  
Living polymerizations such as anionic, cationic, coordination, ring opening 
polymerizations are almost free from side reactions such as termination and chain 
transfer reactions, and thus, can generate polymers with well defined architectures, 
controlled molecular weights and living end groups [18]. Also living polymerizations 
provide synthesis of polymers with low polydispersities. However, monomers, 
polymerization conditions may be limited for the type of the living polymerization 
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technique chosen. In some cases functional groups on the monomers may result in 
side reactions, and thus, for some processes control over the polymerization can be 
difficult.  
The main limitations of radical polymerization are the lack of control over the molar 
mass, the molar mass distribution, the end-functionalities and the macromolecular 
architecture. Mainly for that reason, the recent emergence of many so-called ‘living’ 
or controlled radical polymerization (CRP) processes has opened a new area in this 
old polymerization method that had witnessed relatively small progress in the 
previous years [19]. 
To overcome the limitations, controlled radical polymerization has been developed 
and there is a sharp increase in the number of the publications on the controlled 
radical processes from 1990s up to now. In controlled radical polymerization, 
synthesized polymers have narrow molecular weight distributions (1.1<Mw/Mn<1.5). 
The polymers obtained have living end groups. Different polymer architectures 
(linear, star, comb and branched) as well as polymer compositions (random, block, 
graft and gradient copolymers) can be achieved. 
The synthesis of polymers with well defined compositions, architectures, and 
functionalities has long been of great interest in polymer chemistry. One of the 
greatest contributions to this field from synthetic polymer chemists is the living 
polymerization methodology, which allows the preparation of macromolecules with 
the maximum degree of structural and compositional homogeneity . 
There are several approaches to control free radical polymerization by suppressing 
the contribution of chain breaking reactions and assuring quantitative initiation. All 
of these approaches employ dynamic equilibration between growing free radicals and 
various types dormant species. These reactions are described as controlled radical 
polymerization (CRP) or controlled /living radical polymerizations rather than as true 
living radical polymerizations, due to the presence of unavoidable termination, which 
is intrinsically incompitable with concept of living polymerizations. 
The types of controlled/living radical polymerizations are namely atom transfer 
radical polymerization (ATRP), nitroxide mediated polymerization (NMP), and 
various degenerate transfer processes such as reversible addition fragmentation 
transfer (RAFT) and catalytic chain transfer polymerizations. Among them, one of 
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the most successful and the most studied technique is the atom transfer radical 
polymerization (ATRP).  
2.4.1 Classification of CRPs 
It is possible to group CRPs into several categories, depending on the chemistry of 
exchange and structure of the dormant species. Mechanistically, CRPs can be 
reversible addition fragmentation transfer (RAFT), atom transfer radical 
polymerization(ATRP), stable free radical polymerization (SFRP), and nitroxide 
mediated polymerization (NMP) .  
All of these methods are based on establishing a rapid dynamic equilibration between 
a minute amount of growing free radicals and a large majority of the dormant 
species. The dormant chains may be alkyl halides, as in atom transfer radical 
polymerization (ATRP) or degenerative transfer (DT), thioesters, as in reversible 
addition fragmentation chain transfer processes (RAFT), alkoxyamines, as in 
nitroxide mediated polymerization (NMP) or stable free radical polymerization 
(SFRP), and potentially even orgonometallic species. Free radicals may be generated 
by the spontaneous thermal process (NMP, SFRP) via a catalyzed reaction (ATRP) 
or reversibly via the degenerative exchange process with dormant species (DT, 
RAFT) [20].  
2.4.2 Atom transfer radical polymerization (ATRP) 
ATRP was developed independently by Matyjaszewski and Sawamoto in 1995 [21]. 
This method was used successfully to polymerize styrenes, (meth)acrylates and 
variety of other monomers in a controlled fashion, yielding polymers with molecular 
weights predetermined by the ratio of the concentrations of the consumed monomer 
to the initiator introduced. Polymers obtained by the ATRP technique have low 
polydispersities as well. Because of its radical nature, ATRP is tolerant to many 
functional groups; therefore, polymers with various functionalities can be easily 
obtained.  
ATRP was developed by designing a proper catalyst (transition metal compound and 
ligands), using an initiator with an appropriate structure, and adjusting the 
polymerization conditions, such that the molecular weights increased linearly with 
conversion and the polydispersities were typical of a living process. This allowed for 
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an unprecedented control over the chain topology (stars, combs, branched), the 
composition (block, gradient, alternating, statistical), and the end functionality for a 











Figure 2.13 : Mechanism for ATRP 
A general mechanism for ATRP is represented by (see Figure 2.13). The radicals, 
i.e., the propagating species Pn*, are generated through a reversible redox process 
catalyzed by a transition metal complex (activator, Mtn –Y / ligand, where Y may be 
another ligand or a counterion) which undergoes a one-electron oxidation with 
concomitant abstraction of a (pseudo) halogen atom, X, from a dormant species, Pn–
X. Radicals react reversibly with the oxidized metal complexes, X–Mtn+1 / ligand, the 
deactivator, to reform the dormant species and the activator. This process occurs with 
a rate constant of activation, ka, and deactivation kda, respectively. Polymer chains 
grow by the addition of the free radicals to monomers in a manner similar to a 
conventional radical polymerization, with the rate constant of propagation, kp. 
Termination reactions (kt) also occur in ATRP, mainly through radical coupling and 
disproportionation; however, in a well-controlled ATRP, no more than a few percent 
of the polymer chains undergo termination. Elementary reactions consisting of 
initiation, propagation, and termination are illustrated below [20].  
2.4.2.1 Kinetics and mechanism of ATRP 
The rate of polymerization is first order with respect to monomer, alkyl halide 
(initiator), and transition metal complexed by ligand. The reaction is usually negative 
first order with respect to the deactivator (X-Mtn+1/Ligand). The rate equation of 
copper-based ATRP is formulated in discussed conditions and given in (2.2). The 
apparent propagation rate constant, where kp and Keq refer to the absolute rate 
constant of propagation and the atom transfer equilibrium constant for the 
propagating species, respectively. 
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Rp= kpapp (M)= kp (R•) (M)= kp Keq (I) ((CuX)/(CuX2)) (M)                     (2.1)
 
Figure 2.14 shows a typical linear variation of conversion with time in semi 
logarithmic coordinates (kinetic plot). Such a behavior indicates that there is a 
constant concentration of active species in the polymerization and first-order kinetics 
with respect to monomer.  
However, since termination occurs continuously, the concentration of the Cu(II) 
species increases and deviation from linearity may be observed [20]. For the ideal 
case with chain length independent from termination, persistent radical effect [23] 
kinetics implies the semi logarithmic plot of monomer conversion vs. time to the 2/3 
exponent should be linear. Nevertheless, a linear semi logarithmic plot is often 
observed.  
This may be due to an excess of the Cu(II) species present initially, a chain length 
dependent termination rate coefficient, and heterogeneity of the reaction system due 
to limited solubility of the copper complexes. It is also possible that self-initiation 
may continuously produce radicals and compensate for termination. Similarly, 
external orders with respect to initiator and the Cu(I) species may also be affected by 
he persistent radical effect [24]. 
 
Figure 2.14 : Kinetic plot and conversion vs. time plot for ATRP 
Results from kinetic studies of ATRP for styrene (S) [25], methyl acrylate (MA) [26] 
and methyl methacrylate (MMA) [27-28] under homogeneous conditions indicate 
that the rate of polymerization is first order with respect to monomer, initiator, and 
Cu(I) complex concentrations. These observations are all consistent with the derived 
rate law. 
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It should be noted that the optimum ratio can vary with regard to changes in the 
monomer, counter ion, ligand, temperature, and other factors [27, 29]. The precise 
kinetic law for the deactivator CuX2 was more complex due to the spontaneous 
generation of Cu(II) via the persistent radical effect [24-25]. 
In the atom transfer step, a reactive organic radical is generated along with a stable 
Cu(II) species that can be regarded as a persistent metallo-radical. If the initial 
concentration of deactivator Cu(II) in the polymerization is not sufficiently large to 
ensure a fast rate of deactivation (kd(Cu(II))), then coupling of the organic radicals 
will occur, leading to an increase in the Cu(II) concentration. 
Radical termination occurs rapidly until a sufficient amount of deactivator Cu(II) is 
formed and the radical concentration is low. Under such conditions, the rate at which 
radicals combine (kt) will become much slower than the rate at which radicals react 
with the Cu(II) complex in a deactivation process and a controlled polymerization 
will proceed.Typically, a small fraction (~5 %) of the total growing polymer chains 
will be terminated during the early stage of the polymerization, but the majority of 
the chains (>95 %) will continue to grow successfully. 
If the deactivation does not occur, or if it is too slow (kp >> kd), there will be no 
control and polymerization will become classical redox reaction therefore the 
termination and transfer reactions may be observed. To control the polymerization 
better, addition of one or a few monomers to the growing chain in each activation 
step is desirable. Molecular weight distribution for ATRP is given in (2.2). 
(2.2) 
 
p = polymerization yield 
Mw/Mn = 1 + ((kd(RX)0)/(kp(X-Mtn+1))) x ((2/p)-1) 
 
(RX)o = concentration of the functional polymer chain 
(X-Mtn+1) = concentration of the deactivators 
kd = rate constant of deactivation 
kp = rate constant of activation 
 30
2.4.3 Components of ATRP 
As a multicomponent system, ATRP includes the monomer, an initiator with a 
transferable (pseudo) halogen, and a catalyst (composed of a transition metal species 
with any suitable ligand). Both activating and deactivating components of the 
catalytic system must be simultaneously present. Sometimes an additive is used. For 
a successful ATRP, other factors, such as solvent and temperature, must also be 
taken into consideration.  
2.4.3.1 Monomers 
Monomers: In ATRP, a variety of monomers, such as styrenes, (meth)-acrylates, 
acrylonitrile, acrylamides, methacrylamides, N-vinylpyridine and diens can be used 
to obtained well-defined polymers. However, even under the same conditions using 
the same catalyst, each monomer has its own unique atom transfer equilibrium 
constant for its active and dormant species [30]. 
 
Figure 2.15 : Some of the monomers used in ATRP 
  
2.4.3.2 Initiators 
The main role of the initiator is to determine the number of growing polymer chains. 
Two parameters are important for a successful ATRP initiating system. First, 
initiation should be fast in comparison with propagation. Second, the probability of 
the side reactions should be minimized.  
Initiators: A variety of halogenated initiators and macro initiators activated by 
various types of aryl, sulfonyl and carbonyl groups can be used in ATRP systems. In 
ATRP, alkyl halides (R-X) are typically used as initiator (Table 2.3). If initiation is 
fast and transfer and termination negligible, then the number of growing chains is 
constant and equal to the initial initiator concentration. The theoretical molecular 
weight or degree of polymerization (DP) increases reciprocally with the initial 
concentration of initiator at full monomer conversion.  
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Table 2.3 : The Most Frequently Used Initiator Types in ATRP Systems  
Initiator Monomer 
 




                                     1-Chloro-1-phenyl ethane 
Styrene 
 
                                     Ethyl-2-bromo isobutyrate 
Methyl methacrylate 
 
                                     Ethyl-2-bromo propionate 
 













2.4.3.3 Catalyst and transition metals 
Perhaps the most important component of ATRP is the catalyst. It is the key to 
ATRP since it determines the position of the atom transfer equilibrium and the 
dynamics of exchange between the dormant and active species. There are several 
prerequisites for an efficient transition metal catalyst. The metal center must have at 
least two readily accessible oxidation states separated by one electron. The metal 
center should have reasonable affinity toward a halogen. The coordination sphere 
around the metal should be expandable on oxidation to selectively accommodate a 
(pseudo) halogen. The ligand should complex the metal relatively strongly. 
Eventually, the position and dynamics of the ATRP equilibrium should be 
appropriate for the particular system. To differentiate ATRP from the conventional 
redox-initiated polymerization and induce a controlled process, the oxidized 
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transition metal should rapidly deactivate the propagating polymer chains to form the 
dormant species. A variety of transition metal complexes with various ligands have 
been studied as ATRP catalysts. The majority of work on ATRP has been conducted 
using copper as the transition metal. Apart from copper-based complexes, Fe, Ni, Ru, 
etc. have been used to some extent [18, 20]. 
2.4.3.4 Ligands 
The main roles of the ligand in ATRP is to solubilize the transition metal salt in the 
organic media and to adjust the redox potential and halogenophilicity of the metal 
center forming a complex with an appropriate reactivity and dynamics for the atom 
transfer. The ligand should complex strongly with the transition metal. It should also 
allow expansion of the coordination sphere and should allow selective atom transfer 
without promoting other reactions. The most common ligands for ATRP systems are 
substituted bipyridines, alkyl pyridylmethanimines and multidentate aliphatic tertiary 
amines such as 1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA), and tris(2-
(dimethylamino) ethyl)amine (Me6-TREN). Examples of ligands used in 
coppermediated ATRP are illustrated (Figure2.16). 
 
Figure 2.16 : The Most Frequently Used Ligands in ATRP Systems 
2.4.3.5 Solvents 
Solvents: ATRP can be carried out either in bulk, in solution, or in a heterogeneous 
system (e.g., emulsion, suspension). Various solvents, such as benzene, toluene, 
anisole, diphenyl ether, ethyl acetate, acetone, dimethyl formamide (DMF), ethylene 
carbonate, alcohol, water, carbon dioxide, and many others, have been used in the 
polymerization of different monomers.  
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2.4.3.6 Temperature and reaction time 
The rate of polymerization in ATRP increases with increasing temperature due to the 
increase of both the radical propagation rate constant and the atom transfer 
equilibrium constant. As a result of the higher activation energy for the radical 
propagation than for the radical termination, higher kp/kt ratios and better control 
(“livingness”) may be observed at higher temperatures. However, chain transfer and 
other side reactions become more  pronounced at elevated temperatures. The optimal 
temperature depends mostly on the monomer, the catalyst, and the targeted molecular 
weight. Therefore, for successful ATRP, optimum temperature should be found 
depending on the monomer, catalyst and the other components of ATRP [20]. 
2.4.4 Application of copper mediated ATRP 
2.4.4.1 Graft copolymers 
It is essential to modify the properties of a polymer according to tailor-made 
specifications designed for target applications. There are several means to modify 
polymers properties, viz. blending, grafting, and curing. ‘Grafting’ is a method 
wherein monomers are covalently bonded (modified) onto the polymer chain, 
whereas in curing, the polymerization of an oligomer mixture forms a coating which 
adheres to the substrate by physical forces.   
Considerable work has been done on techniques of graft co-polymerization of 
different monomers on polymeric backbones. These techniques include chemical, 
radiation, photochemical, plasma-induced techniques and enzymatic grafting [31].  
By controlling the molecular parameters, one can obtain impact resistant materials by 
combining a hard polymer backbone with soft polymer side chains; thermoplastic 
elastomers, where a soft polymer backbone is grafted with hard polymer segments; 
or amphiphilic copolymers for applications as hydrogels, stabilizers, 
surfacemodifying agents, dispersants and compatibilizers in polymer blands, etc.  
Three main methods can be used to prepare graft copolymers : i) “grafting through”, 
where a macromonomer is copolymerized with a low molecular weight comonomer; 
ii) “grafting from”; in this case a macroinitiator with predetermined initiation sides is 
used to initiate the polymerization of a second monomer; iii) “grafting onto”, where 
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an end-functional or a living polymer with reactive end-group is coupled with 
functional groups located on another polymer.  
The “grafting through” approach is the most common route to controlled graft 
copolymers. The copolymerization of macromonomers (MM) with low molecular 
weight comonomer allows good control of the polymer side chain parameters      
(DP, Mw/Mn) by using living or controlled polymerization methods for the MM 
synthesis. The polymer main chain parameters (DP, Mw/Mn) can be controlled by a 
living copolymerization of the MM with a low molecular weight comonomer.  
The “grafting from” approach uses a macroinitiator (MI) that carries initiation groups 
to start a polymerization reaction of a monomer. The synthesis of the MI allows the 
control of the main chain parameters (DP, Mw/Mn) as well as the pre-determination of 
side chain density and side chain distribution.  
2.5 Literature Review 
2.5.1 Synthesis of PVDF-based graft copolymers by ATRP 
Amphiphilic copolymer derivatives of PVDF poly(oxyethylene methacrylate) 
(PVDF-g-POEM) side chains and having poly (methyl methacrylate) side chains 
(PVDF-g-PMMA) are prepared using this “grafting from” method. (Figure 2.17)  
PVDF-g-POEM and PVDF-g-PMAA with high grafting density was prepared under 
moderate conditions, i.e., 30°C and 30 min polymerization time, using 4,4-dimethyl-
2, 20-dipyridyl (DMDP) and tris(2-aminoethyl) amine (Me6-TREN) as ligands; 1-
methyl-2-pyrrolidinone (NMP) as solvent and  CuCl as a coinitiator. 
 
Figure 2.17 : Synthesis of PVDF-g-PMMA and PVDF-g-POEM  
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Copolymers were characterized by gel-permeation chromatography (GPC),           
1H-NMR, DSC and AFM. Linear ln([M]0/[M]) vs. time and molecular weight vs. 
conversion plots confirm the living nature of the graft copolymerization. AFM on 
PVDF-g-POEM revealed a microphase-separated morphology characteristic of graft 
copolymers [32].  
The preparation of PVDF-g-PMAA was a two-step synthesis. In the first step, 
poly(tert-butyl methacrylate) (PtBMA) side chains were graft copolymerized onto 
PVDF using ATRP. In the second step, the PtBMA side chains were hydrolyzed to 
yield polymethylmethacrylate (PMAA). It is well known that PtBMA can be 
selectively and quantitatively hydrolyzed to PMAA in the presence of p-
toluenesulfonic acid monohydrate (TSA). The combined GPC, TEM, NMR, and 
elemental analysis results indicate unambiguously that PtBMA are grafted to the 
PVDF base polymer, hydrolyzed to PMAA, apparently by ATRP initiation at the 
secondary fluorinated site [8].  
2.5.2 Synthesis of PVDF-g-PCTFE based graft copolymers by ATRP 
Zhang M. and Russell T. P. report the grafting of polystyrene (PS) and poly(tert-
butyl acrylate) (PtBA) from poly(vinylidene fluoride-co-chlorotrifluoroethylene) 
(P(VDF-co-CTFE)) via atom transfer radical polymerization , resulting in graft 
copolymers with improved solubility and phase compatibility. The formation of graft 
copolymers, P(VDF-co-CTFE)-g-PS and P(VDF-co-CTFE)-g-PtBA, was confirmed 
by 1H NMR, size exclusion chromatography , differential scanning calorimetry , and 
atomic force microscopy  measurements. The hydrolysis of PtBA grafts in P(VDF-
co-CTFE)-g-PtBA resulted in amphiphilic graft copolymers with hydrophilic 
poly(acrylic acid) (PAA) side chains [11].  
Hybrid organic/inorganic composite polymer electrolyte membranes based on a 
poly(vinylidene fluoride-co-chlorotrifluoroethylene) grafted membrane and varying 
concentrations of zeolite were investigated for application in proton exchange 
membrane fuel cells (PEMFC). A proton conducting comb copolymer consisting of 
poly(vinylidene fluoride-co-chlorotrifluoroethylene) backbone and poly(styrene 
sulfonic acid) (PSSA) side chains, i.e. P(VDF-co- CTFE)-g-PSSA (graft copolymer) 
with 47 wt% of PSSA was synthesized using atom transfer radical polymerization 
(ATRP) and solution blended with zeolite. FT-IR results showed that the zeolite 
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particles strongly interact with the sulfonic acid groups of PSSA chains. The results 
of thermal gravimetric analysis (TGA) showed that all the membranes were stable up 
to 300 oC. The proton conductivity at room temperature reduced to 0.011 S/cm with 
7 wt% zeolite 5A content [33].  
A series of proton conducting comb copolymer membranes consisting of 
poly(vinylidene fluoride-co-chlorotrifluoroethylene) backbone and poly(styrene 
sulfonic acid) (PSSA) side chains, i.e P(VDF-co- CTFE)-g-PSSA were synthesized 
using atom transfer radical polymerization (ATRP). Proton conductivity for the 
membranes continuously increased with increasing PSSA contents. The results of 
thermal gravimetric analysis also showed that all the membranes were stable up to 
300 oC. After terminated chlorine atoms were converted to end-functional azide 
groups (P(VDF-co- CTFE)-g-PSSA-N3), the polymer electrolyte membranes were 
crosslinked under UV irradiation. The crosslinked P(VDF-co-CTFE)-g-PSSA 
membrane with 73 wt.% of PSSA content  slightly reduced proton conductivity from 
0.074 to 0.068 S/cm at room temperature compared to the uncrosslinked membrane 
[34]. 
P(VDF-co-CTFE)-g-POEM, an amphiphilic comb copolymer  with hydrophobic 
P(VDF-co-CTFE) backbone and hydrophilic POEM side chains at 73:27 wt % was 
synthesized. The POEM side chains were grafted from the P(VDF-co-CTFE) 
mainchain backbone via atom transfer radical polymerization (ATRP). Synthesis of 
microphase-separated P(VDF-co-CTFE)-g-POEM comb copolymer was successful, 
as confirmed by nuclear magnetic resonance, FT-IR spectroscopy, and transmission 
electron microscopy. Nanocomposite films comprising the amphiphilic graft 
copolymer and the silver nanoparticles were constructed under UV irradiation 
through in situ reduction of silver ions dissolved in microphase-separated P(VDF-co-
CTFE)-g-POEM template film. The characterization of the nanocomposites by TGA, 
DSC and TEM also demonstrated successful graft polymerization of POEM from the 
P(VDF-co-CTFE) backbone and the preparation of nanocomposite films containing 
silver nanoparticles [35].  
2.5.3 Anhydrous pronton conductive membranes 
Nafion® based proton conducting anhydrous composite membranes were prepared 
via two different approaches. In the first, commercial Nafion®115 and Nafion®112 
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were swelled in the concentrated solution of azoles such as 1H-1,2,4-triazole (Tri), 3-
amino-1,2,4-triazole (ATri) and 5-aminotetrazole (ATet) as heterocyclic protogenic 
solvents. In the second, the proton conducting films were cast from the 
Nafion®/Azole solutions.  TGA results showed that Nafion®/ATri and Nafion®/ATet 
electrolytes are thermally stable at least up to 200 oC. Nafion®-Tri, Nafion®-ATri and 
Nafion®-ATet were produced by filling of the hydrophilic channels of the host 
matrix. At maximum azole contents, the respective proton conductivities of the 
anhydrous composite  membranes, Nafion®-ATet, Nafion®-Tri, and Nafion®-ATri 
are 1.6x10-4, 7.7x10-4 and 1.1x10-3 S/cm at 180 oC [36].  
A comb-like copolymer consisting of a poly(vinylidene fluoride-co-
chlorotrifluoroethylene) backbone and poly(hydroxy ethyl acrylate) side chains, 
P(VDF-co-CTFE)-g-PHEA, was synthesized through atom transfer radical 
polymerization (ATRP) using CTFE units as a macroinitiator. This comb-like 
polymer was crosslinked with 4,5-imidazole dicarboxylic acid (IDA) via the 
esterification of the –OH groups of PHEA and the –COOH groups of IDA. Then, 
polymer doped with phosphoric acid (H3PO4) to form imidazole–H3PO4 complexes. 
P(VDF-co-CTFE)-g-PHEA/IDA/H3PO4 membranes exhibited high thermal stability 
up to 250 oC, as determined by thermal gravimetric analysis. The proton conductivity 
of the membranes continuously increased with increasing H3PO4 content. A 
maximum proton conductivity of 0.015 S/cm was achieved at 120 oC under 
anhydrous conditions [37].  
PGMA (polyglycidyl methacrylate) was prepared by solution polymerization and 
then modified with 1H-1,2,4-triazole (Tri) and 3-amino-1,2,4-triazole (ATri).    
1,2,4- triazole-functional PGMA polymers have been doped with phosphoric acid 
and triflic acid and their anhydrous protonconducting properties were investigated. 
DSC results illustrated the homogeneity of the materials as well as plasticizing effect 
of the dopant. The proton conductivity of the materials increased with dopant 
concentration and temperature. The conductivity is expected to occur by transport of 
the protons among the protogenic solvents via Grotthuss mechanism. Highest proton 
conductivity of 0.01 S/cm was obtained for PGMA-Tri H3PO4 at 150 oC, in the 
anhydrous state [38].  
Two type of polymers; polystyrene with imidazole terminated flexible side chains 
and benzimidazole covalently bonded to an inorganic SiO2 network by a flexible 
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spacer are pepared. . It is the first time that high proton mobility has been proven for 
an immobilised polymeric proton solvent. High proton conductivities of up to 7x10-4 
































3.  EXPERIMENTAL PART 
3.1 Chemicals 
N,N,N',N'',N''-Pentamethyldiethylenetriamine (PMDETA, 99 %), tert-butyl acrylate 
(tBA, 99 %), trifluoroacetic acid (TFA, 99 %), triethylamine (Et3N, 98 %), styrene 
(S, 99 %) were purchased from Across Organics Co., tetrahydrofuran (THF), 
acetone, chloroform (CHCl3), methanol (MeOH), dichloromethane (CH2Cl2) were 
purchased from J.T. Baker Co., copper (I) chloride (CuCl, 99.99 %), copper (II) 
chloride (CuCl2, 99.99 %) was purchased from Merck, methyl methacrylate (MMA),             
2-hydroxy ethyl methacrylate (HEMA, 97 %), 3-sulfopropyl methacrylate, potassium 
salt (SPMAP, 98 %), polyvinylidene fluoride (107K g mol-1, PVDF-107), 
polychlorotrifluoroethylene (PCTFE), dimetylformamid (DMF, Labscan, 99.8 %), 
N-Methyl-2-pyrrolidone (NMP, 99.5 %), chlorosulfuric acid were purchased from 
Aldrich. All reagents were used without further purification. Tris (2-(dimethylamino) 
ethyl) amine (Me6-TREN) was synthesized according to literature [30, 32]. 
Table 3.1 presents the chemical structures of homopolymer PVDF that has a 
moleculer weight of 107K and Nafion® which is commercial polymer electrolyte 
membrane for fuel cells. Table 3.2 presents the monomers that are used to synthesise 
graft copolymers of PVDF by ATRP.  
                        Table 3.1 : Chemical structures of PVDF and Nafion®-117






Table 3.2 : Monomers Used in PVDF-Based Graft Copolymerization 
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3.2 PVDF Based Graft Copolymerization by ATRP 
3.2.1 Synthesis of tris(2-dimethylaminoethyl)amine (Me6-TREN) 
Tris(2-dimethylaminoethyl)amine (Me6-TREN) was prepared by modification of a 
procedure reported in the literature [40-41]. A mixture of formic acid (540 ml) and 
formaldehyde (460 ml) were stirred for over 1 h at 0 oC. The mixture of tris(2-
aminoethyl)amine (TREN, 100 ml) and water (81 ml) was added dropwise to the 
flask. The mixture was gently refluxed for five days at 95 oC. After cooling to room 
temperature, all volatile fractions are removed by rotary evaporation. The distinctly 
dark orange residue was treated with a saturated sodium hydroxide aqueous solution 
until pH>10, producing an oil layer, which was extracted three times by methylene 
chloride. The organic phase was dried over magnesium sulfate, rota-evaporated to 
produce an orange liquid and immediately distilled under vacuum between          
150–165 oC. The yellow oily product was obtained. 
3.2.2 Synthesis of PVDF-g-PAA graft copolymers  
A typical graft copolymerization of tert-butyl acrylate (tBA) to PVDF was 
synthesized as follows. PVDF (2.5 g) was dissolved in DMF (25 mL) in a round 
flask at 50 oC. The solution was cooled to room temperature, afterwhich,  tBA       
(20 mL), CuCl (0.02 g), and PMDETA (0.131 mL) were added to the flask, which 
contained a side arm with a Teflon valve sealed with a Teflon stopper. After N2 
purging for 30 min, the reaction flask was immersed in an oil bath at 90 oC with 700 
rpm stirring rate. The reaction was allowed to proceed for 21 h. The resultant 
polymer solution was precipitated into methanol/water mixture (3/1, v/v). PVDF-g-
PtBA graft copolymer was further purified by stirring for 5 h in an excess amount of 
THF at room temperature to remove the residual PtBA homopolymer, if any. Finally, 
the obtained polymer was filtered and dried under vacuum overnight. The yield of 
graft copolymer was 3.12 g.  
Then, obtained PVDF-g-PtBA (2.82 g) ngraft copolymer was immersed in CHCl3 
and a fivefold excess of TFA (0.87 mL, based on the moles of backbone ester 
groups) was slowly added into the polymer/solvent mixture under stirring at room 
temperature for 24 h. Finally, PVDF-g-PAA graft copolymer was precipitated in cold 
excess methanol/water solvent mixture. Then PVDF-g-PAA graft copolymer was 
filtered and dried in a vacuum oven at 50 oC. 
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3.2.3 Synthesis of PVDF-g-PSPMAP graft copolymer 
Preparation of the PVDF-g-SPMAP graft copolymers, a typical polymerization was 
carried out as follows. PVDF (2.42 g)  was dissolved in DMF (25 mL) in a 100 mL 
round flask at 50 oC. After dissolving PVDF completely, the solution was cooled to 
room temperature. Then CuCl (0.05 g), SPMAP (1 g), and PMDETA (0.1 mL) were 
added, and the flask was sealed with a rubber septum. After N2 purging for 30 min, 
the reaction flask was immersed in an oil bath at 100 oC with 700 rpm stirring rate. 
The reaction was allowed to proceed for 21 h. The resultant polymer solution was 
precipitated into methanol/water mixture (3/1, v/v). PVDF-g-PSPMAP graft 
copolymer was further purified by stirring for 24 h in an excess amount of water at 
room temperature to remove the residual PSPMAP homopolymer, if any. Finally, the 
obtained polymer was filtered and dried under vacuum overnight. The yield of graft 
copolymer was 3.11 g.  
PVDF-g-PSPMAP (2.3 g) graft copolymer was placed in a 100 ml of flask, which 
contained 30 mL of CH2Cl2. Then HCl (0.26 mL) was added drop wise to the flask 
by stirring at 500 rpm at room temperature. After 24 h, the CH2Cl2 was evaporated 
and remaining polymer, PVDF-g-PSPMA was dried in a vacuum oven at 50 oC. 
3.2.4 Synthesis of PVDF-g-P(SPMA-TEA) graft copolymer   
In order to synthesis PVDF-g-PSPMA, SPMAP-TEA was prepared as monomer 
precursor. SPMAP (2 g) monomer was added in DMF (20 mL) and TFA (3 mL) was 
added slowly under stirring at room temperature into the monomer/DMF solution to 
synthesize SPMA monomer. Then TEA (4.5 mL) was added slowly under stirring at 
room temperature into the SPMA monomer in DMF solution. The SPMA monomer 
solution was stirred for 2 h to form SAPMA-TEA salt. 
Then, ATRP procedure was performed as follows; catalyst, CuCl (0.05 g) was placed 
in a 100 ml of flask, which contained a side arm with a Teflon valve sealed with a 
Teflon stopper. Then the flask was deoxygenated three times by vacuum-nitrogen 
cycles, macroinitiator PVDF (2.45 g) priory dissolved in 25 ml of DMF at 50 oC, the 
DMF solution of SPMA-TEA (2.5 g) monomer and ligand PMDETA (0.1 mL) 
priory nitrogen bubbled were added to the flask, respectively. Then mixture was 
nitrogen bubbled 30 min before the flask was replaced in thermostatically controlled 
oil bath at 100 °C with 700 rpm stirring rate to initiate the graft copolymerization. 
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After 2 days the reaction flask was cooled and PVDF-g-P(SPMA-TEA) graft 
copolymer was precipitated in diethyl ether and filtered. After filtration, polymer was 
dried for 24 h in a vacuum oven at 50 oC. Finally, PVDF-g-P(SPMA-TEA) graft 
copolymer was further purified by desired time in an excess amount of water at room 
temperature to remove the residual PSPMA-TEA homopolymer. Precipitant,   
PVDF-g-P(SPMA-TEA) graft copolymer was filtered and dried in a vacuum oven at 
50 oC. The yield of graft copolymer was 3.24 g.Purified PVDF-g-P(SPMA-TEA) 
(2.88 g) graft copolymer was placed in a 100 ml of flask, which contained 50 ml of 
CH2Cl2. Then HCl (0.43 mL) was added drop wise to the flask by stirring at 500 rpm 
at room temperature. After 24 h, the CH2Cl2 was evaporated and remaining polymer, 
PVDF-g-PSPMA was dried in a vacuum oven at 50 oC. 
3.2.5 Preparation of triazole doped electrolytes  
Graft copolymer electrolytes were prepared by adding 1H-1,2,4 Triazole into the 
DMF solutions of graft samples with several stoichometric ratios, x=0.5 and  x=1 
where x equals the mol ratio of triazole molecule to PAA unit. The resulting mixture 
was dried and homogeneous and stable films were obtained.  
3.3 PCTFE Based Graft Copolymerization by ATRP  
Table 3.3 presents the monomers (tBA, MMA, S, SPMAP, HEMA) that are used to 











Table 3.3 : Monomers Used in PCTFE-Based Graft Copolymerization
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3.3.1 Synthesis of PCTFE-g-PMMA graft copolymer 
PCTFE-g-PMMA grafted polymer was synthesized by ATRP using PCTFE as the 
macroinitiator. PCTFE (2 g) and CuCl (17 mg, 0.172 mmol) were added into a 100 
mL Schlenk flask which contained a side arm with a Teflon valve sealed with a 
Teflon stopper. Then the flask was deoxygenated three times by vacuum-nitrogen 
cycles. The monomer, ligand and solvent were purged with nitrogen just before use, 
and then introduced by syringe into flask. NMP (30 mL), MMA (5.64 g, 3.05 x 10-2 
mol) and PMDETA (30 mg, 1.72 x 10-4 mol) were added o the flask, respectively. 
After N2 purging for 30 min, the polymerization was started by immersing the 
reaction flask in an oil bath at a temperature of 80 oC and at 700 rpm stirring rate. 
After 2 days, the polymerization was stopped by cooling to room temperature and 
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exposure to air. The reaction mixture was poured into in excess of cold 
methanol/water solvent mixture and filtered. After filtration, polymer was dried for 
24 h in a vacuum oven at 60 oC. PCTFE-g-PMMA graft copolymer was further 
purified by stirring for 24 h in an excess amount of THF at room temperature remove 
the residual PMMA homopolymer, if any. Reaction mixture was precipitated in cold 
methanol/water solvent mixture again, PCTFE-g-PMMA graft copolymer filtered 
and dried in a vacuum oven at 60 oC. 
3.3.2 Synthesis of PCTFE-g-PHEMA graft copolymer 
PCTFE-g-PHEMA grafted polymer was synthesized by ATRP using PCTFE as the 
macroinitiator. PCTFE (2 g), and CuCl (35 mg, 0.354 mmol) were added into a 100 
mL Schlenk flask which contained a side arm with a Teflon valve sealed with a 
Teflon stopper. Then the flask was deoxygenated three times by vacuum-nitrogen 
cycles. The monomer, ligand and solvent were purged with nitrogen just before use, 
and then introduced by syringe into flask. NMP (30 mL), HEMA (10.74 g,            
8.25 x 10-2 mol) and PMDETA (58 mg, 3.35 x 10-4 mol) were added o the flask, 
respectively. After N2 purging for 30 min, the polymerization was started by 
immersing the reaction flask in an oil bath at a temperature of 70 oC and at 500 rpm 
stirring rate. After 4 days, the polymerization was stopped by cooling to room 
temperature and exposure to air. The reaction mixture was poured into in excess of 
cold methanol/water solvent mixture and filtered. After filtration, polymer was dried 
for 24 h in a vacuum oven at 60 oC. PCTFE-g-PHEMA graft copolymer was further 
purified by stirring for 24 h in an excess amount of THF at room temperature to 
remove the residual PHEMA homopolymer, if any. Reaction mixture was 
precipitated in cold methanol/water solvent mixture again, PCTFE-g-PHEMA graft 
copolymer filtered and dried in a vacuum oven at 60 oC. 
3.3.3 Synthesis of PCTFE-g-PSPMAP graft copolymer 
PCTFE-g-PSPMAP grafted polymer was synthesized by ATRP using PCTFE as the 
macroinitiator. PCTFE (2 g), SPMAP (4 g, 1.72 x 10-2 mol) and CuCl (35 mg, 0.354 
mmol) were added into a 100 mL Schlenk flask which contained a side arm with a 
Teflon valve sealed with a Teflon stopper. Then the flask was deoxygenated three 
times by vacuum-nitrogen cycles. The ligand and solvent were purged with nitrogen 
just before use, and then introduced by syringe into flask. NMP (30 mL) and 
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PMDETA (58 mg, 3.35 x 10-4 mol) were added o the flask, respectively. After N2 
purging for 30 min, the polymerization was started by immersing the reaction flask 
in an oil bath at a temperature of 110 oC with 700 rpm stirring rate. After 2 days, the 
polymerization was stopped by cooling to room temperature and exposure to air. The 
reaction mixture was poured into in excess of cold methanol/water solvent mixture 
and filtered. After filtration, polymer was dried for 24 h in a vacuum oven at 60 oC. 
PCTFE-g-PSPMAP graft copolymer was further purified by stirring for 6 h in an 
excess amount of water and washed with methanol at room temperature to remove 
the residual PSPMAP homopolymer, if any. Finally, PCTFE-g-PSPMAP graft 
copolymer filtered and dried in a vacuum oven at 60 oC. 
3.3.4 Synthesis of PCTFE-g-PSSA graft copolymer 
PCTFE-g-PS grafted polymer was synthesized by ATRP using PCTFE as the 
macroinitiator. PCTFE (2 g), and CuCl (17 mg, 0.172 mmol) were added into a 100 
mL Schlenk flask which contained a side arm with a Teflon valve sealed with a 
Teflon stopper. Then the flask was deoxygenated three times by vacuum-nitrogen 
cycles. The monomer, ligand and solvent were purged with nitrogen just before use, 
and then introduced by syringe into flask. NMP (30 mL), styrene (3.18 g, 3.05 x 10-2 
mol) and PMDETA (30 mg, 1.72 x 10-4 mol) were added o the flask, respectively. 
After N2 purging for 30 min, the polymerization was started by immersing the 
reaction flask in an oil bath at a temperature of 120 oC with 700 rpm stirring rate. 
After 3 days, the polymerization was stopped by cooling to room temperature and 
exposure to air. The reaction mixture was poured into in excess of cold 
methanol/water solvent mixture and filtered. After filtration, polymer was dried for 
24 h in a vacuum oven at 60 oC. PCTFE-g-PS graft copolymer was further purified 
by stirring for 6 h in an excess amount of THF at room temperature to remove the 
residual PS homopolymer, if any. Reaction mixture was precipitated in cold 
methanol/water solvent mixture again, PCTFE-g-PS graft copolymer filtered and 
dried in a vacuum oven at 60 oC. 
In order to function as ion exchange membranes, styrene copolymers require 
sulfonation. In order to sulfonation of PCTFE-g-PS grafted polymer was immersed 
in a solution of 5% (V/V) chlorosulfonic acid in dichloroethane, for 24 h at 72 oC 
with condenser, after which the PCTFE-g-PSSA graft copolymer  was washed to 
neutrality using excess of demineralised water. 
 48
3.3.5 Synthesis of PCTFE-g-PAA graft copolymer 
PCTFE-g-PtBA grafted polymer was synthesized by ATRP using PCTFE as the 
macroinitiator. PCTFE (2 g), and CuCl (35 mg, 0.354 mmol) were added into a 100 
mL Schlenk flask which contained a side arm with a Teflon valve sealed with a 
Teflon stopper. Then the flask was deoxygenated three times by vacuum-nitrogen 
cycles. The monomer, ligand and solvent were purged with nitrogen just before use, 
and then introduced by syringe into flask. NMP (30 mL), tBA (17.66 g, 1.38 x 10-1 
mol) and PMDETA (58 mg, 3.35 x 10-4 mol) were added o the flask, respectively. 
After N2 purging for 30 min, the polymerization was started by immersing the 
reaction flask in an oil bath at a temperature of 90 oC with 500 rpm stirring rate. 
After 2 days, the polymerization was stopped by cooling to room temperature and 
exposure to air. The reaction mixture was poured into in excess of cold 
methanol/water solvent mixture and filtered. After filtration, polymer was dried for 
24 h in a vacuum oven at 60 oC. PCTFE-g-PtBA graft copolymer was further 
purified by stirring for 6 h in an excess amount of THF at room temperature to 
remove the residual PtBA homopolymer, if any. Reaction mixture was precipitated in 
cold methanol/water solvent mixture again, PCTFE-g-PtBA graft copolymer filtered 
and dried in a vacuum oven at 60 oC. 
In order to function as ion exchange membranes, PCTFE-g-PtBA copolymers require 
hydrolysis. To do that grafted polymer 0.5 g of PCTFE-g-PtBA was added 15 mL of 
NMP and then 1 mL of HCl solution (%37) was added. After stirring at 100 °C for 
21 h, the solution was poured into a mixture of methanol and water (2/1, v/v) to 
precipitate the resultant polymer. Again graft copolymer filtered and dried in a 
vacuum oven at 60 oC.  
3.4 Characterization Methods 
The 1H-NMR spectrum was recorded on a Varian AS 500 NMR Spectrometer (500 
MHz) in CDCl3 and d-DMF using tetramethylsilane (TMS) as an internal standard. 




Thermal stabilities of the polymer electrolytes were examined by a Perkin Elmer 
STA 6000 Thermal Analyzer. The samples (~ 10 mg) were heated from room 
temperature to 900 oC under N2 atmosphere at a scanning rate of 10 oC min-1. 
Differential scanning calorimetry (DSC) experiments was performed using a Q1000 
(TA). To avoid the influence of the thermal history, polymers were cooled to -90 oC 
then heated from -90 to 250 °C at 10 °C min-1 ramp rates and then equilibrated to -90 
°C. Two consecutives scans were performed at 10 oC min-1 for each sample. DSC 
thermograms were obtained during the second heating from -90 to 250 °C at 10 °C 
min-1 ramp rates. 
The proton conductivity studies of the samples were performed using a Novocontrol 
dielectric-impedance analyzer. The films were sandwiched between platinum 
blocking electrodes and the conductivities were measured in the frequency range 1 
Hz to 3 MHz at 10 oC intervals. The temperature was controlled with a Novocontrol 
cryosystem, which is applicable between -150 and 250 oC. 
The frequency dependent AC conductivities, σac (ω) of the graft copolymers were 
measured at several temperatures using Eq. 3.1; 
σ‘(ω) = σac (ω) = ε“ (ω) ω εo       3.1 
where σ‘ (ω) is the real part of conductivity, ω = 2πf is the angular frequency, εo is 
the vacuum permittivity (εo = 8.852 x 10-14 F/cm), and ε“ is the imaginary part of 
complex dielectric permittivity (ε*).  
The direct current, dc conductivity (σdc) of the samples is estimated from the ac 




4.  RESULTS AND DISCUSSION 
4.1 PVDF-Based Graft Copolymers 
4.1.1 PVDF-g-PAA 
The synthesized PVDF-based ion conducting copolymer should be consists of 
hydrophilic and hydrophobic domains. Hydrophilic regions allow transport of 
protons from anode to cathode in fuel cell assembly the hydrophobic region offers 
good mechanical strength. PVDF-g-PtBA copolymers precursor with different 
compositions were prepared (Table 4.1) to understand the effect of acid 
concentration on the proton conductivity in PVDF-g-PAA copolymer systems. The 
PVDF-g-PtBA was modified to include hydrophilic ionic moieties obtained by 
hydrolysis with TFA at room temperature. The hydrolysis of PtBA grafts resulted in 
amphiphilic graft copolymers with hydrophilic PAA side chains. The steps of PVDF-
g-PAA graft copolymers synthesis are shown as representatively Figure 4.1 and 
Figure 4.2. 
Table 4.1 : Reaction condition and results of PVDF-g-PtBA graft copolymers





HK 1 2915/1/8.6/26.7 CuCl/ Me6TREN 3.23 9.87 9.62 
HK 2 5833/1/8.6/26.7 CuCl/ PMDETA 3.51 11.03 11.88 
HK 3 5833/1/5.9/26.7 CuBr/ PMDETA 13.48 34.40 33.06 
HK 4 10183/1/8.6/26.7 CuCl/ Me6TREN 39.32 71.41 - 
a Temp=90 oC, time=21h 
b [M]o/[I]o/[C]o/[L]o is the initial molar ratio of monomer (tBA), initiator (PVDF), 
catalyst and ligand.  
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 Figure 4.1 : ATRP of tBA Initiated by PVDF Polymer 
 
Figure 4.2 : Hydrolysis of PVDF-g-PtBA graft copolymer  
The 1H NMR spectra for PVDF-g-PtBA and PVDF-g-PAA appear in Figure 4.3.  
























Figure 4.3 : 1H NMR spectra for PVDF-g-PtBA  
The  pure PVDF spectrum exhibits two well-known peaks in the regions 2.2-2.5 and 
3.0-3.3 [8, 32] due to head-to-tail (ht) and head-to-head (hh) bonding arrangements. 
Grafting of PtBA to PVDF resulted in the appearance of peaks in the region 1.3-2.0 
ppm due to protons of tert butyl group bonding (Figure 4.3). The NMR spectrum 
from the hydrolyzed product shows the disappearance of the t-butyl group in 1.5 ppm 
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(Figure 4.4). The peaks S1, S2, S3 and S4  are d-DMF solvent peaks obtained by 
analysis of pure deuterated DMF [8, 32]. 








Figure 4.4 : 1H NMR spectrum of  PVDF-g-PAA  
FT-IR spectra of PVDF-g-PAA are represented in Figure 4.5. A strong absorption at 
1707 cm−1 belongs to C=O stretching of carboxylic acid group of the homopolymer. 
The same group shows a medium peak at 1250 cm−1 corresponding to in plane 
deformation of C–O–H and at 1170 cm−1 to –(C–O)H stretching. As the PAA 
content increases in the copolymers the C=O peak intensity also increases. 






























Figure 4.5 : FT-IR Spectrum of PVDF-g-PAA Graft Copolymers 
 53
Figure 4.6 shows the thermogravimetry analysis of the graft copolymers. The PVDF 
homopolymer was investigated to be thermally stable up to 480 oC. The PAA 
homopolymer was reported to be thermally stable up to 180 oC [42]. The dried 
PVDF-g-PAA samples illustrate different thermal stabilities according to their PAA 
content. HK 3 and HK 4 have high PAA content and they are thermally stable up to 
150 oC. After this temperature degradation of PAA chain occurs until 300 oC and 
than PVDF units decomposes. HK 1 and HK 2 have lower PAA contents and 
degradation of PAA units are observed as a step up to 250 oC. As seen in the Figure 
4.6, PVDF chains are thermally stable up to 480 oC. Clearly, the PAA is reduced the 
thermal stability of the graft copolymers, thus TGA spectra also verifies the presence 
of PAA units in the grafts. 























Figure 4.6 : TGA curves of PVDF-g-PAA graft copolymers  
Figure 4.7 shows DSC thermograms of PVDF-g-PAA graft copolymers. A single 
glass transition temperature belongs to PVDF backbone is detected in samples HK 1 
and HK 2. This peak disappears in the increasing amount of PAA in the graft 
copolymer (HK 3 and HK 4). The main transition assigned to the PVDF backbone is 
significantly moved toward higher amount of grafted PAA in the graft copolymer, 
compared to PVDF the homopolymer, as expected. Melting points are clearly visible 
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on all sample runs at around 170 oC with a shoulder at around 144 oC and 141 oC for 
HK 3 and HK 4, respectively. These glass transition temperature of HK 3 and HK 4 
is related to the presence of PAA units in the graft copolymer, because pure PVDF 
showed a single melting peak at 172.69 °C under the same measurement conditions. 
As a result, first monomodal melting peak was observed, second there was melting 
point depression after higher amount of graft copolymerization. Graft copolymers 


















Figure 4.7 : DSC curves of PVDF-g-PAA graft copolymers  
Figure 4.8 shows the AC conductivity of PVDF-g-PAA (HK 4) Tri0.5 samples versus 
frequency at several temperatures. The curve bears several regions which are typical 
for ion conducting polymers. The plateau domains that depend on the temperature, 
i.e., 103-106 Hz at 140 oC, shift to higher frequencies at higher temperatures. 
The DC conductivity (σdc) of the samples was derived from the plateaus of log σac 
versus log F by linear fitting of the data. The DC conductivities of graft copolymers 
and the doped samples were compared in Figure 4.9. The conductivity isotherm 
illustrates that the DC conductivity strongly depends on temperature and the acid 
ratio, x. Temperature dependence of the conductivity in polymer electrolytes has 
often been taken as indicative of a particular type of conduction mechanism. 
Maximum proton conductivities of all samples are summarized in Table 4.2. 
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PAA 71wt% PAA. At maximum azole content, the proton conductivity of the 
anhydrous composite  membranes, , 7.7x10-4 S/cm at 180 oC was reported for 
Nafion®115-Tri3.8 [36]. The proton conductivities almost same, therefore it is 
comparable with Nafion®. 
 

































Figure 4.8 : AC conductivity of PVDF-g-PAA-Tri0.5  (71% PAA) graft copolymer 
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Figure 4.9 : DC conductivity of PVDF-g-PAA  graft copolymers 
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In order to study the proton conductivity in humidified condition the membranes 
were also humidified. Two samples, HK 3 and HK 4 took  22 % (m/m) of water. As 
shown in Table 4.2 the proton conductivity was increased with the increasing of 
interpenetrating poly(acrylic acid) content in the membrane.  
Table 4.2 : Maximum proton conductivity of PVDF-g-PAA graft copolymers 
Run Max. Proton Cond. (S/cm) Temperature (oC) 
HK 2-Tri1 1.8x10-7 150 
HK 3-Tri0.5 6.0x10-6 150 
HK 3-Tri1 5.5x10-6 150 
HK 3-Hydrated 3.6x10-6 70 
HK 4-Tri0.5 7.4x10-4 150 
HK 4-Tri1 7.4x10-4 140 
HK 4-Hydrated 4.0x10-4 40 
Normally, there are two different transport mechanisms that contribute to the proton 
conductivity in acid-doped polymer electrolytes. The first is the structural diffusion 
(Grotthuss mechanism) in which the conductivity is mainly controlled by proton 
transport through acrylate units, i.e. COO- and the triazole ring (Grotthuss proton 
transport). The second is the vehicle mechanism where the protons travel through the 
material on a neutral or charged “vehicle”.  
In the current system, the presence of COO- anions implies that the proton diffusion 
occurs mainly by Grotthuss mechanism. It seems that the proton hopping from one 
N–H site to a free nitrogen contributes to the conductivity of PVDF-g-PAA systems 
as in the case of imidazole where the long range proton transfer occurs throughout 
the protonic defects, i.e., protons transport between protonated and unprotonated 
heterocyclic units . In addition, proton hopping from one N–H site to COO- ions may 
also contribute to the conductivity. 
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4.1.2  PVDF-g-PSPMA 
Due to the insolubility of SPMAP monomer in DMF, the synthesis of the PVDF-g-
PSPMAP graft copolymer was carried out in heterogeneous condition (see Figure 
4.10.) 
 
Figure 4.10 : Synthesis of PVDF-g-PSPMAP graft copolymer  
SPMAP was modified to SPMA monomer by hydrolysis with TFA at room 
2
temperature in order to solubilize in DMF (Figure 4.11). Acidic monomers have not 
yet been successfully polymerized by ATRP, because they can protonate ligands, 
behave as reducing agent for CuCl  wherein produced consequently during the 
polymerization and form the corresponding carboxylate salts[20]. Therefore, SPMA 
monomer was converted to the DMF soluble SAPMA-TEA monomer by 
triethylamine (Figure 4.12). The steps of PVDF-g-P(SPMA-TEA) graft copolymer 
synthesis are shown in Figure 4.13.  
 
Figure 4.11 : Synthesis of SPMA monomer 
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 Figure 4.12 : Synthesis of SPMA-TEA monomer 
 
 
Figure 4.13 : Synthesis of PVDF-g-P(SPMA-TEA) graft copolymer 
Table 4.3 : Reaction condition and results of PVDF-g-PSPMA graft copolymers
Runa  Monomer WPSPMA (%)b 
HK 5 SPMAP 1.6 
HK 6 SPMAP 3.4 
HK 7 SPMAP-TEA 6.3 
a Temp=100 oC, Time=21 h, Catalyst:CuCl, Ligand:PMDETA. 
b Determined by gravimetric analysis 
FT-IR spectrum of PVDF-g-PSPMA graft copolymers is shown in Figure 4.14 . In 
the figure, carbonyl (-C=O) group stretching vibration band at 1724 cm-1 and the 
characteristic bands of PVDF between 1467-695 cm-1 explain that the SPMAP 
monomers grafted to the PVDF backbone.  
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Figure 4.14 : FT-IR spectrum of PVDF-g-PSPMA graft copolymers 




















Figure 4.15 : TGA curves of PVDF-g-PSPMA graft copolymers 
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The thermal stability of the PVDF-g-PSPMA graft copolymers is measured by TGA 
(Figure 4.15). The dried PVDF-g-PSPMA samples illustrate similar thermal 
stabilities might be due to their low PSPMA content. Sulphonic acid group 
decomposition begins at around 250 oC. PVDF-g-PSPMA graft copolymers are more 
thermally stable than PVDF-g-PAA graft copolymers. As seen in the figure PVDF 
chains are thermally stable up to around 450 oC. TGA also verifies the presence of 
PSPMA units in the graft copolymers.  
Figure 4.16 shows the AC conductivity of PVDF-g-PSPMA-Tri100 samples versus 
frequency at several temperatures. The curve bears several regions which are typical 
for ion conducting polymers.  
The DC conductivity (σdc) of the samples was derived from the plateaus of log σac 
versus log F by linear fitting of the data. The DC conductivities of graft copolymers 
and the doped samples were compared in Figure 4.17. Maximum proton 
conductivities of all samples are summarized in Table 4.4. Maximum proton 
conductivity of 2.0x10-6 S cm-1 have been obtained for HK7 with 6.3 wt% PSPMA. 
Table 4.4 : Maximum proton conductivity of PVDF-g-PSPMA graft copolymers
Run 




HK 5 2.0x10-7 150 
HK 5-Tri0.5 1.7x10-7 150 
HK 6 6.3x10-7 150 
HK 7 8.0x10-8 140 





































Figure 4.16 : AC conductivity of PVDF-g-SPMA-Tri1 (HK 7)  graft copolymer 





























Figure 4.17 : DC conductivity of PVDF-g-SPMA   graft copolymers 
4.2 PCTFE Based Graft Copolymers  
To synthesis of fluorine containing amphiphilic graft copolymers, atom transfer 
radical polymerization of different monomers were carried out using PCTFE 
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polymer as an initiator as described in experimental part. Experiments were carried 
out in heterogenous condition because PCTFE is insoluble in most of organic 
solvents. PCTFE polymer contains secondary chlorines and secondary fluorines, 
which both are potential ATRP initiators however initiating site in PCTFE oligomer 
was the secondary chlorine [11]. The ability of secondary chlorine in CTFE unit to 
initiate ATRP can be used to prepare graft copolymers from commercial PCTFE. 
Due to insolubility of the PCTFE in THF,CDCl3, DMSO, DMF, NMP, PCTFE-based 
graft copolymers could not be characterized by 1H NMR, it only be characterized by 
FT-IR. Figure 4.18 shows FT-IR spectrum of PCTFE homopolymer. Pristine PCTFE 
polymer exhibited strong absorption band at region 1281, 1191, 1119 and 581 cm-1, 
which are attributed to the crystalline chains of PCTFE. 

















Figure 4.18 : FT-IR spectrum of pristine PCTFE polymer  
PCTFE-based graft copolymers will be consist of a crystalline backbone and 
amorphous side chains. Thus, differential scanning calorimetry (DSC) was used to 
investigate their thermal properties. Figure 4.19 shows DSC thermogram of PCTFE 
homopolymer. As shown in the figure pure PCTFE showed a single melting peak at 
208.76 oC. Reaction condition and results  of PCTFE based graft copolymers are 
summarized in Table 4.5. 
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Figure 4.19 : DSC curves of pristine PCTFE polymer 
Table 4.5 : Reaction condition and results of PCTFE based graft copolymers
Runa Monomer Temp.(oC) Time (day) Grafted Polymer 
(wt%) 
HK 8 MMA 80 2 13.91 
HK 9 HEMA 70 4 14.16 
HK 10 SPMAP 110 2 9.60 
HK 11 S 120 3 37.94 
HK 12 tBA 90 2 67.20 
a Ligand:PMDETA, Catalyst:CuCl, Solvent:NMP   
b Measured by gravimetric methods  
4.2.1 PCTFE-g-PMMA 
The reaction scheme for the synthesis of PCTFE-g-PMMA graft copolymer via 
ATRP is illustrated in Figure 4.20. As shown in the scheme, the chlorine atoms in the 
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CTFE units were directly initiated to produce graft copolymer of PHEA from PCTFE 
backbones. 
 
Figure 4.20 : Synthesis of PCTFE-g-PMMA graft copolymer 




















Figure 4.21 : FT-IR spectrum of PCTFE and PCTFE-g-PMMA graft copolymer 
In order to confirm the formation of a graft copolymer including both PCTFE and 
PMMA moieties, the IR spectra was measured. As can be seen in Figure 4.21, a 
sharp absorption band characteristic of ester group of PMMA is clearly observed at a 
wavenumber of 1725 cm-1. 
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 Figure 4.22 : DSC curves of (a) PCTFE (b) PCTFE-g-PMMA graft copolymer 
The DSC thermogram of PCTFE-g-PMMA shows a main melting peak at 213.99 oC 
with a shoulder at around 204 oC. The bimodal melting peak of Figure 4.22 is related 
to the presence of PMMA units in the copolymer, because pure PCTFE showed a 
single melting peak at 208.76 oC under the same measurement conditions. There was 
almost no change on melting point after graft copolymerization, this may be related 
to low PMMA content (%14) in copolymer. 
4.2.2 PCTFE-g-PHEMA 
The reaction scheme for the synthesis of the PCTFE-g-PHEMA graft copolymer via 
ATRP is illustrated in Figure 4.23. As shown in the scheme, the chlorine atoms in the 
CTFE units were directly initiated to produce graft copolymer of PHEA from PCTFE 
backbones. Graft polymerization was carried out at 80 oC for 4 days. As a result, the 
amphiphilic graft copolymer is composed of hydrophobic PCTFE main chains and 
hydrophilic PHEMA side chains. The amphiphilic PCTFE-g-PHEMA graft 
copolymers were expected to molecularly self-assemble into continuous nanophase 
domains of semicrystalline PCTFE-g-PHEMA interweaved with hydrophilic 
domains of PHEMA brush-like layers [37]. 
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 Figure 4.23 : Synthesis of PCTFE-g-PHEMA graft copolymer 






















Figure 4.24 : FT-IR Spectrum of PCTFE and PCTFE-g-PHEMA graft copolymer 
The successful graft copolymerization of PHEMA from PCTFE-g-PHEMA 
backbones has been confirmed using FT-IR spectroscopy. Figure 4.24 shows the FT-
IR spectra of PCTFE and graft copolymer of PCTFE with PHEA. Compared to the 
pristine polymer, the PCTFE-g-PHEA graft copolymer exhibited strong absorption 
band at 1720 cm-1. This band is attributable to the stretching vibrations of C=O of 
PHEMA [43]. A broad absorption band at 3382 cm-1 and 2948 cm-1 were also 
observed, assigned to the –OH groups and C–H stretching of PHEMA, respectively 
[43]. This FT-IR spectroscopic analysis supports the graft copolymerization of 
PHEA from secondary chlorine atoms on the PCTFE backbone via ATRP. 
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4.2.3 PCTFE-g-PSPMAP 
The reaction scheme for the synthesis of the PCTFE-g-PHEMA graft copolymer via 
ATRP is illustrated in Figure 4.25. As shown in the scheme, the chlorine atoms in the 
































Figure 4.25 : Synthesis of PCTFE-g-PSPMAP graft copolymer 
Figure 4.26 shows the FT-IR spectra of PCTFE and PCTFE-g-PSPMAP graft 
copolymer. SPMAP has carbonyl and sulfonic groups, which can be easily 
recognized in the IR spectrum. The asymmetric and symmetric vibrations of SO3− are 
generally located in the regions of 1220 and 1040–1070 cm−1, respectively, and the 
C=O vibration has a characteristic absorbance at 1730 cm−1 [44].  






















Figure 4.26 : FT-IR spectrum of PCTFE and PCTFE-g-PSPMAP graft copolymer 
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The spectrum given in Figure 4.26 shows a band of symmetric vibration at 1041 
cm−1, which is assigned to the symmetric vibrations of SO3- group. Compared to 
pristine PCTFE, the strong absorption band at 1721 cm-1 was observed in PCTFE-g-
PSPMAP, can be assigned to the carbonyl bond of ester group. The vibrations 
assigned to the methyl and methylene groups appear in the domain 2900-3000 cm-1. 
The symmetric stretching S=O band is located at 1041 cm-1 [45]. 
4.2.4 PCTFE-g-PSSA 
The reaction scheme for the synthesis of PCTFE-g-PSSA graft copolymer is 
illustrated in Figure 4.27 and Figure 4.28. In this experiment, partially fluorinated 
graft copolymers containing sulfonic acid groups were synthesized by two-step 
procedures. In the first step, the grafting of polystyrene from main chains via ATRP, 
and second step the sulfonation of aromatic ring with chlorosulfonic acid were 
carried out.  
 
 
Figure 4.27 : Synthesis of PCTFE-g-PS graft copolymer 
 
Figure 4.28 : Sulfonation of PCTFE-g-PS graft copolymer 
The polymerization of styrene with PCTFE and its subsequent conversion into PSSA 
after sulfonation was confirmed by FT-IR spectral analysis.Figure 4.29 and Figure 
4.30 show FT-IR spectra of the PCTFE-g-PS and their corresponding PCTFE-g-
PSSA. Grafting of styrene is confirmed by the presence of aromatic ring features 
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established by the presence of skeletal C=C in plate-stretching vibrations at 1492 and 
1600 cm-1 together with C–H aromatic stretching vibrations at 2920–3025 cm-1. A 
characteristic peak of mono-substituted benzene ring is also shown at 754 cm-1 [46]. 























Figure 4.29 : FT-IR spectrum of PCTFE and PCTFE-g-PS graft copolymer 
Sulfonation of PCTFE-g-PS is confirmed by the presence of two sharp peaks at 1120 
and 1003 cm−1, which are due to the introduction of SO3− groups. The 
monosubstituted benzene ring peak at 753 cm−1 was almost vanished after 
sulfonation. This is a good indication for the achievement of degree of sulfonation 
close to 100%. The broad peak at 3368 cm−1 is assigned for –OH of water molecules 
associated in hydrogen bonding with SO3−  groups [46].  
The thermal properties of pristine PCTFE powder, PCTFE-g-PS and  PVDF-g-PSSA 
graft copolymers were investigated by DSC. As shown in Figure 4.31, pristine 
PCTFE has a single endothermic peak at 208.77 oC. As for PVDF-g-PS, an 
additional glass transition temperature (Tg), which should be attributed to PS graft-
chains, can be found at 103 oC due to the inserted pattern [47]. The melting peak 
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4.2.5 PCTFE-g-PAA 
The strategy of graft copolymer from PCTFE-g-PtBA is shown in Figure 4.32.  In 
this experiment, tert-butyl acrylate (tBA) was used as the monomer to grow 
poly(tert-butyl acrylate) (PtBA) grafts from PCTFE, aiming to prepare amphiphilic 
graft copolymers via the hydrolysis of PtBA side chains. 
 
 
Figure 4.32 : Synthesis of PCTFE-g-PtBA graft copolymer 
It is well-known that PtBA can be easily converted to poly(acrylic acid) (PAA) via 
hydrolysis. The amphiphilic graft copolymers were obtained through hydrolysis in 
order to modify the ester groups of PtBA backbone to its acid form. 




















Figure 4.33 : FT-IR spectrum of PCTFE and PCTFE-g-PtBA graft copolymer 
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 Figure 4.34 : Hydrolysis of PCTFE-g-PtBA Graft Copolymer 
Acidic hydrolysis of PtBA grafts was carried out in NMP at 100 oC for 21 hours. FT-
IR measurements showed that hydrolysis was achieved, as indicated by the 
appearance of acidic group in copolymer (see Figure 4.35). The polymers was 
characterized by IR and found that tBA group was converted to acrylic acid. The 
broad IR absorption from 2400 to 3400 cm-1 in the IR spectra represents the 
carboxylic OH group. As the ester groups convert to carboxylic acid, the carbonyl 
group absorption shifts from 1722 to 1705 cm-1 [48]. 































Figure 4.35 : FT-IR spectrum of PCTFE-g-PtBA and PCTFE-g-PAA copolymers 
DSC was also used to investigate the thermal properties of the graft copolymers with 
PtBA side chains. Figure 4.36 shows the DSC thermograms of PCTFE, PCTFE-g-
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5.  CONCLUSION 
In the development of new proton exchange membranes (PEM) for fuel cells, 
functionalization of a polymer offers many advantages, in particular with respect to 
the mechanical properties and the price of the material. Functionalization is possible 
with graft or block copolymerization.  
Modification of commercial fluoropolymers has attracted particular interest due to 
the desired properties of the modified polymers. Lots of  polymer properties can be 
greatly improved by graft copolymerization of comonomers from the backbone of 
fluoropolymers.  Fluoro polymers, used in fuel cells, should present thermal stability 
as well as hydrolytic stability for fuel cell membrane operating conditions. PVDF 
and PCTFE are important members of commercial fluoropolymers. 
The first aim of this study was to develop alternative membranes that have suitable 
thermal and chemical stability, comparable proton conductivity and relatively low 
cost. In this respect, two type of PVDF based graft copolymers with different acid 
content were synthesized. PVDF-g-PSPMA graft copolymers, which consists of 
PVDF backbone with hydrophilic sulfonic acid side chains, was proven to be a good 
membrane for its high thermal stability. The proton conductivity of this polymer 
relatively low because of the low acid content in copolymer but it could be improved 
by increasing amount of acid content in graft copolymer. Other PVDF based graft 
copolymers series is PVDF-g-PAA, which consists of PVDF backbone with 
hydrophilic acrylic acid side chains. Graft copolymerization onto PVDF by ATRP 
initiation of acrylic acid side chains at the secondary halogenated site has been 
demonstrated. This technique offers an effective and commercially relevant 
alternative to conventional free radical routes for the preparation of graft copolymers 
based on PVDF. The proton conductivity through various PVDF-g-PAA membranes 
increased with the temperature in the temperature range 40-150 oC. The increase in 
the proton conductivity of membranes was due to the increasing of interpenetrating 
poly(acrylic acid) content in the membrane. The proton conductivity of membranes, 
strongly related to its acid content and temperature. Maximum proton conductivity of 
7.4x10-4 S cm-1 at 140 oC have been obtained for graft copolymer with 71 % PAA 
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content at that is comparable with the proton conductivity of Nafion®115-Tri at 180 
oC (7.7x10-4 S cm-1). 
Secondly, we have also studied for the first time, the use of ATRP for the grafting of 
some monomers from PCTFE. To the best of our knowledge, no reports have been 
published on application of ATRP in graft copolymerization of high molecular 
weight commercial PCTFE powder so far.  A convenient method, based on the graft 
copolymerization of comonomers via ATRP, used to modify important commercial 
PCTFE homopolymer.Various polymers (PMMA, PSPMAP, PHEMA, PS, PtBA) 
have been grafted to PCTFE successfully. Hydrolysis of PtBA grafts of PCTFE-g-
PtBA and sulfonation of PS grafts of PCTFE-g-PS resulted in amphiphilic graft 
copolymers with PAA and PSSA side chains. The synthetic approach reported here 
offers a convenient way to modify commercial PCTFE. If the membrane is prepared 
from the resultant graft copolymers, they may find potential applications such as 
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